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PREFACE 


THERE  can  be  no  doubt  that  the  concept  of  evolution  is  the  major 
unifying  force  in  biological  thought  and  that  in  a  biology  text  empha¬ 
sis  on  evolution  is  necessary  to  provide  a  frame  for,  and  to  give  meaning 
to,  the  details  of  structure  and  function.  All  animals  and  plants  have  had 
to  solve  the  same  problems  of  growth,  reproduction,  respiration,  excre¬ 
tion,  the  obtaining  and  release  of  energy,  and  so  on.  Frequently,  during 
the  evolution  of  the  various  groups  of  plants  and  animals,  the  solving  of 
one  of  these  problems  has  caused  changes  in  the  systems  providing  for 
one  or  more  of  the  other  necessities  of  life.  Thus  an  evolutionary  and 
comparative  treatment  of  the  facts  of  biology  is  a  great  help  in  under¬ 
standing  the  details  of  structure  and  function  in  any  single  organism  such 
as  man. 


3  man. 

In  this  book,  which  is  the  outgrowth  of  the  author’s  experience  in 
teaching  a  course  in  Human  Biology  at  the  University  of  North  Carolina, 
emphasis  has  been  placed  on  the  comparative  and  evolutionary  aspects 
of  biology  and  on  the  physiological  and  chemical  facets  of  life,  for  the 
parts  of  biology  most  interesting  to  a  beginning  student,  and  most  useful 
as  part  of  a  general  education,  are  those  that  explain  how  organisms,  par¬ 
ticularly  human  beings,  function,  and  how  they  came  to  be  that  way.  In 
any  elementary  text  it  is  sometimes  difficult  to  steer  a  course  between 
the  Scylla  of  superficiality  and  the  Charybdis  of  detailed  facts.  Since  I 
believe  superficiality  to  be  the  greater  danger,  I  have  tried  to  present 
without  overloading  the  student  with  facts,  the  information  he  should 
acquire  in  a  college  course  in  biology.  Most  students  find  the  facts  of  life 
so  interesting  that  a  superficial  treatment  is  both  unnecessary  and  an 
affront  to  their  intelligence. 

I  would  like  to  acknowledge  the  advice  and  suggestions  of  my  col- 

vhoTl  ^aPC  Hlll\DrsYD-  P-  Costello,  C.  S.  Jones  and  I.  C.  Kitchin 
who  helped  in  organizing  the  Human  Biology  course  The  nrimarv  in’ 

spiration  for  that  course  and  for  this  book  was  derived  from  the  Zoology 
course  at  the  University  of  California,  taught  by  Dr  R  AT 
whom  the  author  had  the  privilege  of  ass  stin7  wh  ~  yT  M‘  Eakin* 
student.  I  am  indebted  to  Dr.  Eakin  and  to  I)r  R-.l  u  <777  g[atiuate 

PaMv°tfllhCtmanUSript  and  madc  a  miml)er  of  v^uabieSs™ggesUonsread 
Muriel  McLatchie,  who^transform'ed^m^roii^h^sketch^in^o^fi'1'^^^'^^ 

Dexter,  William  R.  Duryee  R  F  fI  .i  o  J°hn  Bonner>  Lewis 
Knight  H.  Lisser.  E.  pZ  uccIu^Th  mT^  °  A 

Intosh,  C.  F.  Robinow  Georire  W  Tl5  ’  J'  G  gor>  John  A.  Mc- 

furnished  me  with  originTml^r  ^  Chester  L-  Yntema-who 

American  Museum  of  Natural  History  Aush-aT  *1  ,llustratio“s.  The 

...  y’  Austlallan  News  and  Informa¬ 
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tion  Bureau,  Chicago  Natural  History  Museum,  General  Biological 
Supply  House,  San  Diego  Zoo,  E.  R.  Squibb  and  Company,  The  Upjohn 
Company,  and  the  United  States  Department  of  Agriculture  have  kindly 
permitted  me  to  use  certain  of  their  copyrighted  photographs.  A  number 
of  publishers  have  granted  permission  to  reproduce  illustrations  from 
their  publications;  for  this  I  am  deeply  grateful  to  the  Macmillan  Com¬ 
pany,  John  Wiley  and  Sons,  Henry  Holt  and  Company,  the  University 
of  Chicago  Press,  Alfred  A.  Knopf,  the  J.  B.  Lippincott  Company,  the 
Cambridge  University  Press,  the  Blakiston  Company,  Harper  and 
Brothers,  Williams  and  Wilkins,  the  University  of  California  Press, 
McGraw-Hill  Book  Company,  and  the  Open  Court  Publishing  Company. 
I  am  especially  grateful  to  the  W.  B.  Saunders  Company,  who  have 
allowed  me  to  reproduce  illustrations  from  a  number  of  their  books  and 
who  have  cooperated  in  every  way  during  the  preparation  of  this  manu¬ 
script.  Finally,  words  cannot  express  adequately  my  debt  to  my  wife, 
Ann  Villee,  who  has  helped  with  every  stage  of  the  planning,  writing, 
editing,  and  proofreading  of  the  manuscript,  and  without  whose  help  this 
would  never  have  been  written. 

In  writing  a  general  biology  I  have  had  to  discuss  many  topics  about 
which  I  have  no  first  hand  knowledge;  I  hope  my  colleagues  will  bring 
to  my  attention  any  errors  which  may  be  present  in  the  text. 

C.  A.  Villee 

Boston,  Massachusetts 
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CHAPTER  1 


> 

INTRODUCTION 


WE  SOMETIMES  come  into  contact  with  a  subject  memorize 
dates  figures,  processes,  and  even  come  to  certain  conclusions 
about  it-without  really  understanding  it  at  all.  History  seems  to  be  the 
most  elusive  field  in  this  respect,  and  the  sciences  appear  to  be  the  most 
solid.  Certainly  when  one  says,  “I’m  studying  Biology,  he  expects  to  be 
understood  to  say  “I’m  studying  the  science  of  life  —a  seemingly  mean- 

ingful  statement  without  ambiguity.  , 

But  what  exactly  is  “science”  and  what  is  “life?  Reflection  on  the 
latter  word  may  arouse  some  doubts  as  to  the  unequivocal  nature  o 
biology,  since  no  one  knows  the  exact  chemical  composition  of  a  single 
cell  of  the  human  body  or  of  the  smallest  one-celled  plant.  Nor  can  any¬ 
one  explain  how  living  stuff  came  into  existence.  We  have,  then,  only  a 
rough  idea  of  what  life  really  is  on  even  the  simplest  level,  and  we  must 
admit  that  the  professor  of  biology,  like  the  student,  is  studying  only 
certain  manifestations  or  behavior  which  it  is  convenient  to  call  life. 

Accepting  the  limitation,  let  us  glance  at  the  range  of  living  manifesta¬ 
tions  and  see  which  are  important  for  the  biologist.  At  the  present  time, 
the  earth  is  inhabited  by  a  quarter  of  a  million  different  kinds  (species) 
of  plants,  and  by  a  million  kinds  of  animals.  These  figures  indicate  one 
of  the  most  amazing  and  characteristic  qualities  of  life — its  diversity. 
When  we  compare  such  unlike  forms  as  the  microscopic  plants  living  on 
the  coral  in  the  Indian  Sea  and  the  wolverines  of  Canada;  the  bacteria 
frozen  in  the  Arctic  ice  and  the  Gila  monsters  of  Mexico;  the  giant  red¬ 
woods  and  the  edelweiss  of  the  Swiss  Alps — to  say  nothing  of  the  two 
billion  human  beings  living  in  almost  every  environment  the  earth  offers 
— we  begin  to  realize  how  extravagantly,  fantastically  diverse  life  is. 

Another  striking  fact  emerging  from  such  considerations  is  that  it 
is  almost  impossible  to  talk  about  the  forms  of  life  without  reference  to 
their  habitats.  The  animate  world  is  inseparable  from  the  inanimate  one, 
and  it  is  the  whole  globe,  with  all  its  oceans,  mountains  and  deserts,  as 
well  as  their  incredible  burden  of  struggling  forms,  which  is  involved 
in  the  word  “life.” 

But  even  this  is  only  half  the  story,  as  the  diversity  of  life  itself  shows 
with  its  implication  of  time.  We  say  it  “takes  time”  for  things  to  alter, 
but  in  reality,  time  is  alteration,  and  the  present  forms  of  life  with  their 
interrelationships  are  living  evidence  of  the  alterations  of  the  past.  This 
is  the  temporal,  the  historical  or  evolutionary,  aspect  of  the  universe, 
as  diversity  and  distribution  comprise  its  spatial  aspect. 

In  order  to  get  an  idea  of  the  length  of  time— the  number  of  events— 
involved  in  the  evolution  of  life,  one  must  remember  that  it  was  about  a 
billion  and  a  half  years  ago  when  life  began  to  emerge  from  the  slime  of 
the  nonliving;  that  the  giant  tree  ferns  (the  source  of  our  coal)  existed 
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some  250,000,000  years  ago;  that  the  dinosaurs  became  extinct  60,000,000 
years  ago;  and  that  man  did  not  appear  on  the  scene  until  about  a  million 
years  ago.  According  to  human  notions,  the  world  was  old  when  man 
and  his  close  relatives  emerged  from  the  previous  apelike  forms  to  begin 
their  long,  arduous  battle  to  dominate  the  world.  It  is  interesting  to  spec¬ 
ulate  about  how  the  first  men  learned  to  communicate,  to  clothe  and 
defend  themselves,  to  hunt  and  fish.  Coming  to  comparatively  recent 
times,  think  what  a  complete  reorganization  of  life,  involving  the  migra¬ 
tions  and  readaptations  of  men,  plants  and  animals,  was  caused  by  the 
four  great  glaciations,  the  last  of  which  was  only  20,000  years  ago. 

The  date  5000  B.C.  is  important  in  human  history  since  it  is  approxi¬ 
mately  the  date  of  man’s  mastery  of  agriculture  and  animal  husbandry. 
This  revolutionary  advance — generally  considered  the  basis  of  civiliza¬ 
tion — affected  the  entire  living  world,  for  the  new  knowledge  enabled 
man  to  change  the  shapes  and  distribution  of  plants  and  animals.  Only 
1000  years  later,  the  Egyptians  and  Mesopotamians  had  developed  ad¬ 
vanced  cultures,  and  by  3000  B.C.  the  Age  of  Metal  was  far  advanced 
in  Anatolia  and  the  Aegean. 

Within  the  historical  period  it  is  customary  to  use  such  events  as  the 
organization  of  the  Greek  city-states,  the  rise  of  the  Roman  Empire, 
the  Middle  Ages,  the  development  of  feudalism  and  the  spread  of  the 
Renaissance  as  landmarks  in  studying  history,  but  convenient  as  this 
practice  is,  there  is  a  danger  in  it,  for  one  tends  to  forget  it  was  not 
the  Western  world  alone  or  man  as  a  species  alone  which  were  important, 
but  the  relationships  between  life  forms  in  every  part  of  the  world. 

Speculation  about  the  framework  just  outlined  may  seem  to  carry  us 
farther  than  ever  from  the  special  province  of  biology,  since  it  is  evident 
that  the  spatio-temporal  universe  embraces  all  fields  of  inquiry  and 
should  serve  as  a  basis  of  investigations  in  esthetics  or  physics,  as  well  as 
in  history  or  biology.  One  thing  it  suggests,  however,  is  that  all  the  con¬ 
ceivable  activities  of  the  universe — and  hence  all  the  corresponding  fields 
of  knowledge — exist  for  us,  not  on  a  single  plane,  but  on  three  different 
levels. 

In  a  sense,  the  most  basic  of  these  is  that  concerned  with  the  physical 
composition  of  the  universe,  which  is  the  province  of  the  modern  sciences 
of  physics  and  chemistry.  Investigators  on  this  level  are  trying  to  de¬ 
scribe  in  terms  of  electrons,  neutrons,  atoms  and  molecules  what  lies 
behind  the  appearance  of  the  familiar  world,  animate  and  inanimate. 

Far  removed  from  these  problems,  at  least  so  it  seems  superficially, 
are  such  fields  of  investigation  as  those  concerning  consciousness,  the 
relations  of  man  to  man,  and  other  problems  of  the  human  predicament. 
History,  psychology,  sociology  and  political  science  illustrate  this  level  of 
inquiry. 

Between  the  two  levels — that  of  the  atom  and  that  of  the  mind — lies  a 
third,  embracing  the  entire  universe  of  sense  perception,  both  animate 
and  inanimate.  On  this  level  geology,  astronomy  and  engineering  are 
fields  of  knowledge  dealing  with  the  latter;  biology,  with  all  its  sub¬ 
sciences,  is  concerned  with  the  animate.  Obviously,  even  the  area  re¬ 
stricted  to  biology  is  too  broad  to  be  completely  investigated  by  one 
person,  or  treated  thoroughly  in  a  single  textbook,  so  that  most  biologists 
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are  specialists  in  a  limited  phase  of  the  subject  The  «ologUt  and 
botanist  study  types  of  organisms  and  their  relations  ips 
animal  and  plant  kingdoms,  respectively;  the  parasitologist  studies  the 
forms  of  life  which  live  on  and  at  the  expense  of  other  forms; ;  the  cyto  - 
ogist  investigates  the  composition  and  behavior  of  cells;  and  the  his  o  - 
ogist  inquires  into  the  properties  of  tissues.  More  familiar  perhaps  are 
the  subsciences  of  anatomy,  physiology  and  embryology,  which  deal 
with  the  structure,  function  and  development  of  animals  and  plants,  and 
are  usually  investigated  in  connection  with  a  particular  organism.  The 
science  of  genetics  is  concerned  with  the  transmission  of  the  charactens 
tics  of  one  generation  to  succeeding  ones,  and  is  closely  related  to  the 
study  of  evolution,  which  attempts  to  discover  how  new  species  arise,  as 
well  as  how  the  present  forms  evolved  from  previous  ones.  And  there  is 
the  classical  study  of  plant  and  animal  taxonomy,  which  has  to  do  with 
giving  names  to  the  forms  of  life  and  dividing  them  into  related  groups. 
These  fields  of  study  are  but  a  few  of  the  many  subdivisions  of  the  science 
of  biology. 

We  have  at  last  arrived  at  a  point  where  the  special  province  of  biology 
can  be  delineated.  Instead  of  calling  it  simply  the  science  of  life,  we  can 
say  that  it  is  the  study  of  that  peculiar  quality  of  life  which  is  its  alive- 
ness.  Biology  is  concerned  with  the  forms  which  living  things  take,  with 
their  physical  relationships,  and  with  all  those  processes  which  set  them 
off  from  the  nonliving  world.  Thus,  just  as  physics  and  chemistry  are 
fundamental  to  biology,  biology  is  in  turn  basic  to  the  more  “sophisticated” 
fields,  and  in  order  to  grasp  its  essential  significance,  it  must  be  studied 
in  conjunction  with  other  fields  of  activity.  It  is  not  enough  simply  to 
memorize  large  numbers  of  names  and  relationships  (although  of  course, 
theories  without  facts  are  suspect,  if  not  useless) ;  one  must  see  the  sub¬ 
ject  as  a  part  of  the  total  panorama  of  existence.  For  example,  the  names 
.and  relationships  of  the  human  endocrine  glands,  as  isolated  pieces  of 
information,  are  worthless;  only  when  one  discovers  how  they  came  into 
being,  how  they  are  related  to  comparable  systems  in  other  animals,  and 
how  they  affect  health  and  behavior,  is  the  information  either  interesting 
or  important.  Perhaps  biology  has  greatest  value  as  a  stepping  stone  to 
other  investigations,  and  certainly  some  knowledge  of  it  is  indispensable 
in  formulating  a  philosophy  of  life. 

Fortunately,  “science”  is  easier  to  define  than  “life,”  although  its  func¬ 
tion  is  frequently  misunderstood  and  is  often  both  blamed  and  idolized 
without  foundation.  At  the  present  time  the  word  has  taken  on  an 
almost  magical  significance  for  the  nonscientist.  People  associate  it  with 
television  and  the  atom  bomb,  forgetting  that  it  is  not  science  so  much 
as  the  universe  itself  which  is  marvelous.  Science  is  today  just  what  it 
has  always  been_a  tool,  a  method  for  discovering  and  organizing  facts 
.  out  the  universe.  Essentially,  it  is  simply  common  sense  carried  to  its 
log,ca  conclusion  and  thus  consists  of  three  steps:  observation  the 

experiments.0^  a"d  °f  th°Se  theories  by  controlled 

There  are  of  course,  many  other  sources  of  knowledge  or  what  * 

and  tb°P^  bd‘eVe  t0.be  knowledgc:  religious  books  such  as  the  Bible 
and  the  Koran;  novels  and  plays;  books  of  magic;  newspapers;  tales 
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mystic  experiences;  and  bits  of  gossip  passed  on  from  person  to  person. 
In  any  of  these  sources  of  information  there  may  be  a  great  deal  of 
truth,  some  small  part  of  it,  or  none  at  all.  We  mention  them  only  to  con¬ 
trast  them  with  the  method  used  for  obtaining  the  information  of  biology 
— the  scientific  method. 

Let  us  see  how  the  method  differs  from,  say  that  of  superstition.  Both 
superstition  and  the  scientific  method  begin  with  observation.  The 
primitive  witch  doctor,  like  the  modern,  civilized  diagnostician,  observes 
the  phenomenon  of  disease  and  its  two  possible  outcomes — recovery  or 
death.  He  notices,  too,  that  certain  external  conditions  seem  to  modify 
it,  that  it  progresses  differently  in  different  circumstances.  One  thing 
which  tradition  has  taught  him  to  notice  is  that  after  the  performance 
of  certain  rituals,  some  of  his  patients  get  well.  He  therefore  concludes 
that  it  is  the  practice  of  these  rituals  which  cures  them,  and  he  con¬ 
tinues  to  use  the  inherited  formulas  and  to  hand  them  down,  in  turn, 
to  the  next  generation. 

Meanwhile  he  has  parted  with  the  scientific  method,  not  in  suspect¬ 
ing  a  relationship  between  the  rituals  and  the  recovery,  for  the  history 
of  science  abounds  with  seemingly  much  stranger  relationships,  but  in 
accepting  the  ‘‘ritual”  theory  as  true  without  testing  it.  Millions  of  civi¬ 
lized  people  fail  in  a  similar  way  to  follow  the  dictates  of  common  sense 
when  they  refuse  to  walk  under  ladders,  or  to  make  appointments  for 
Friday  the  13th,  or  when  they  consult  astrologists  in  order  to  avoid 
marrying  on  an  “unpropitious”  day.  They  part  with  science  simply  be¬ 
cause,  although  disaster  has  undoubtedly  overtaken  people  who  walked 
under  ladders,  transacted  business  on  Friday  the  13th,  and  married  on 
a  “bad”  astrological  day,  these  acts  have  also  been  committed  millions 
of  times  with  impunity.  In  short,  there  is  no  proof — and  little  evidence — 
that  a  causal  connection  exists  between  such  acts  and  the  onslaught  of 
misfortune. 

The  method  of  science  is  vividly  and  entertainingly  presented  in  detec¬ 
tive  novels,  such  as  the  Sherlock  Holmes  stories.  Holmes  is  a  scientist  par 
excellence,  with  his  unfailing  powers  of  observation  enabling  him  to  note 
the  details  of  everything  connected  with  his  cases  and  his  ability  to  con¬ 
ceive  original  theories  based  on  relationships  which  poor  Watson  never 
grasps.  It  is  here  that  imagination  enters  the  scientific  method,  and  it  is 
the  high  development  of  this  faculty  which  distinguishes  the  Einsteins 
from  the  conscientious  plodders,  just  as  it  distinguishes  man  as  a  group 
from  chimpanzees.  (Chimpanzees  and  many  other  higher  animals  are 
capable  of  what  is  really  logical  thought,  as  exemplified  by  their  problem 
solving.  But  because  their  imaginations  are  limited,  they  cannot  “see 
around”  and  thereby  solve  complicated  problems.)  Finally,  Holmes 
rounds  out  his  other  accomplishments  by  being  patient  and  thorough  in 
testing  his  theories,  discarding  those  which  experiments  prove  to  be  un¬ 
feasible.  It  is  this  same  method  carried  on  by  hundreds  of  investigators 
all  over  the  world  and  for  many  years  which  has  yielded,  and  is  still 
yielding,  information  about  the  biological  world — such  facts  as  how  dis¬ 
eases  are  communicated  and  cured,  and  how  characteristics  are  passed 
on  from  one  generation  to  another. 

Now  that  biology  and  its  sources  have  been  defined,  we  might  pass  on 
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to  the  subject  itself,  but  one  other  item  needs  a  bit  of  explanation.  From 
the  title  of  this  book,  which  focuses  attention  on  the  human  organism, 
one  might  suppose  that  man  stands  in  the  center  of  the  living  world  with 
the  other  animals  and  the  plants  arranged  around  him.  Actually,  it  is 
only  in  his  own  estimation  that  he  forms  a  central  pivot  in  the  biological 
world.  In  point  of  numbers,  size,  strength,  endurance  and  adaptability, 
man  is  inferior  to  many  animals,  and  in  adjustment  to  his  environment— 
which,  from  the  biological  standpoint,  might  be  considered  a  living  crea¬ 
ture’s  most  valuable  attribute — he  often  fails.  Birds,  ants  and  bees  are 
much  better  adapted  to  living  in  the  world  than  are  human  beings.  One 
quality  only  does  he  excel  in — intelligence — and,  although  it  should  not 
be  underestimated,  there  is  a  question  whether  or  not  it  is  a  “good 
quality,  again  biologically  speaking.  The  power  to  reason  has  the  advan¬ 
tage  of  giving  man  control  over  his  environment,  thus  making  possible 
many  pleasures  and  conveniences,  but  it  is  also  the  source  of  incalculable 
misery,  in  some  cases  sufficient  to  result  in  self-destruction.  Quite  justi¬ 
fiable,  then,  is  the  plan  followed  by  many  books  of  approaching  the 
study  of  digestion,  reproduction  and  disease  from  the  standpoint  of  a 
crab  or  a  hollyhock  or  some  other  animal  or  plant.  But  in  a  survey  study 
of  biology  practical  considerations  as  well  as  interest  demand  that  man 
be  in  the  center  of  the  picture,  since  it  is  with  the  human  stomach  ache, 
the  human  gestation  period,  and  the  endurance  of  the  human  body  that 
we  must  be  primarily  concerned. 


PART  I 


BASIC  STRUCTURES  AND  FUNCTIONS 


CHAPTER  2 


* 

PHYSICOCHEMICAL  BACKGROUND 


MODERN  BIOLOGY  is  different  from  what  the  ancients  called 
“life  science,”  and  docs  not  greatly  resemble  the  biology  of  400 
years  ago.  Part  of  this  difference  is  simply  quantitative  the  scope  is 
broader  today,  and  our  knowledge  is  more  detailed — but  part  of  the 
difference  stems  from  a  shift  in  attitude,  a  new  approach  to  the  subject. 

Biology  had  its  inception,  as  did  most  sciences,  in  the  questions 
aroused  by  the  familiar  objects  of  the  everyday  world.  The  first  bi¬ 
ologists  were  naturalists,  interested  primarily  in  seeing  how  many  kinds 
of  living  things  there  were  and  in  describing  their  differences  and  sim¬ 
ilarities.  Such  studies  led  in  time  to  investigations  of  anatomy  and 
physiology,  and  gradually  a  detailed  record  accumulated  of  the  struc¬ 
tures,  functions  and  life  habits  of  countless  plants  and  animals.  Then, 
as  the  picture  of  living  organisms  grew  larger  and  clearer,  biologists  be¬ 
gan  to  speculate  about  the  development  of  organs  and  functions,  their 
perviousness  to  disease,  and  what  happens  to  them  after  the  organism 
dies.  In  this  way,  descriptive  embryology  and  pathology  were  initiated. 
These  studies  were  essential,  because  in  science,  before  any  theorizing  or 
experimentation  can  begin,  someone  must  make  thorough  and  accurate 
observations. 

During  the  nineteenth  century,  biology  began  to  alter  and  expand,  re¬ 
flecting  the  important  new  discoveries  of  physics  and  chemistry.  The 
tools  and  knowledge  contributed  by  investigators  in  the  more  basic  fields 
enabled  biologists  to  answer  many  questions  which  had  puzzled  natural¬ 
ists  for  centuries.  And  in  the  last  hundred  years,  more  and  more  biolo¬ 
gists  have  been  drawn  from  the  field  of  natural  history  into  the  level  of 
inquiry  represented  by  biophysics  and  biochemistry/ This  book  is  not 
primarily  concerned  with  that  level,  but  some  knowledge  of  the  funda¬ 
mental,  ultramicroscopic  world  is  necessary  for  a  real  understanding  of 
even  the  simplest  physiological  processes. 


I.  THE  METRIC  SYSTEM 

In  scientific  discussions,  measurements  of  any  sort  usually  are  not 
given  in  pounds,  inches,  ounces  or  any  other  units  of  the  English  system 
of  measurement,  because,  for  the  purposes  of  science,  the  system  proved 
cumbersome  due  to  the  difficulty  of  changing  from  one  unit  to  another, 
n  Trance,  at  the  time  of  the  Revolution  (1789)  the  English  system 
was  replaced  by  the  metric  system,  which  consists  of  units  related  in 
being  mult, pies  of  ten.  The  basic  unit,  the  meter,  represents  a  certain 
fraction  of  the  circumference  of  the  earth  and  equals^  37  inches  The 
units  of  weight  and  volume  were  derived  from  those  of  length  Thus  the 
basic  unit  of  volume,  used  for  measuring  small  quantities  is  the  u- 
‘entimeter,  and  the  basic  unit  of  weight"  the  ’^ht  of  1 
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cubic  centimeter  of  water  under  certain  standard  conditions.  The  liter, 
a  measure  of  volume  slightly  larger  than  a  quart,  is  the  unit  for  greater 
quantities. 

The  superiority  of  the  metric  system  over  the  English  system  is  ap¬ 
parent:  in  order  to  change  0.58  liter  to  cubic  centimeters,  it  is  necessary 
only  to  move  the  decimal  point  three  places  to  the  right — 580  cc.  But 
to  change  0.58  quart  into  ounces,  one  must  multiply  by  32  (since  there 
are  32  ounces  in  a  quart) .  Table  1  summarizes  the  units  of  the  metric 


Table  1.  Some  Common  Units  of  the  Metric  System  and  Their  English  Equivalents* 


Length 


1  kilometer  (km.) 
1  meter  (m.) 

1  decimeter  (dm.) 
1  centimeter  (cm.) 
1  millimeter  (mm.) 
1  micron  (/*) 

1  millimicron  (m/d 


=  1000  meters 

=  1/10  meter 
=  1/100  meter 
=  1/1000  meter 
=  1/1000  millimeter 
=  1/1000  micron 


=  5/8  mile 

39.37 

inches 

=  4 

inches 

=  3/8 

inch 

=  1/25 

inch 

=  1/25,000 

inch 

=  1/25,000,000 

inch 

=  10  decimeters 
=  10  centimeters 
=  10  millimeters 
=  1000  microns 
=  1000  millimicrons 


Weight 

1  kilogram  (kg.)  =  1000  grams  =  2.2  pounds 

1  gram  (gm.)  =  1/28  ounce  =  1000  milligrams 

1  milligram  (mg.)  =  1/1000  gram  =  1/28,000  ounce 

Volume 

1  liter  (L.)  =  1.06  quarts  =  1000  cubic  centimeters 

1  cubic  centimeter  (cc.)  =  1/1000  liter  =  1/30  fluid  ounce  =  1000  cubic  millimeters 

1  cubic  millimeter  (cu.  mm.)  =  1/1000  cc.  =  1/30,000  fluid  ounce 

*  The  figures  given  as  English  equivalents  are  close  approximations  only. 


system  used  in  this  book  (there  are  many  others)  and  gives  the  English 
equivalents,  as  well  as  the  abbreviation  for  each  term.  Familiarity  with 
the  system  and  facility  in  using  it  are  helpful  to  the  student  of  any 
science. 


II.  THE  BASIC  MATERIAL  OF  THE  UNIVERSE 

The  universe  is  made  up  of  two  fundamental  components — matter 
and  energy — which  in  certain  conditions  are  interconvertible.  This  is 
expressed  by  the  famous  Einstein  equation:  E  =  me2,  where  E  = 
energy,  m  =  mass,  and  c  =  the  velocity  of  light,  which  is  constant.  In 
the  familiar,  everyday  world,  matter  and  energy  appear  separate,  how¬ 
ever,  matter  occupying  space  and  having  weight,  and  energy  being  the 
ability  to  produce  a  change  or  motion  in  matter — the  ability  to  do  work. 
But  if  all  things,  living  and  nonliving,  are  reducible  to  these  com¬ 
ponents,  the  question  immediately  arises:  what  is  responsible  for  the 
tremendous  differences  between  the  two  kinds  of  things?  The  answer 
is  the  way  in  which  the  component  parts  are  arranged.  In  living  things 
the  organization  of  the  basic  units  is  much  more  complex  than  it  is  in 
inanimate  objects. 

1.  The  Structure  of  Matter.  Regardless  of  the  form — gaseous,  liquid  or 
solid — that  matter  may  assume,  it  is  always  composed  of  small  units, 
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called  atoms.  In  nature  there  are  ninety-two  different  kinds  of  atoms, 
ranging  from  hydrogen,  the  smallest,  to  uranium,  the  largest.  In  addi¬ 
tion  to  these  naturally  occurring  atoms,  five  more,  larger  than  uranium, 
have  been  created  synthetically.  All  of  them,  natural  and  synthetic,  are 
much  smaller  than  the  tiniest  particle  visible  under  the  microscope.  In 
fact,  no  one  has  ever  seen  an  atom;  their  structure  and  functions  have 
been  inferred  from  tests  made  with  many  types  of  elaborate  apparatus. 


NITROGEN  ATOM 


OXYGEN  ATOM 


r.g.  1.  Diagrams  of  the  atomic  structure  of  the  four  chief  elements  of  the  body  The 
nitrogen  atom  nucleus  contains  seven  protons  (+)  and  seven  neutrons  (O);  its  inner  orbit 
has  two  dectrons,  and  its  outer  orbit,  five.  The  oxygen  atom  nucleus  contains  eight  proton 

orbits8  "S’  an<l  ‘here  “re  tW°  a"d  *  eleClr°"S'  -pectively,  in  its  to„T»d  out“ 


Once  the  atom  was  believed  to  be  the  ultimate,  smallest  unit  of  mat¬ 
ter.  Now  physicists  know  that  atoms  are  divisible  into  even  smaller 
particles  organized  around  a  central  core,  as  our  solar  system  is  organ 

a-rSirsi  &  -s~  fas 

electrical  charge,  but  have  essentklw  L  neU'r°nS'  which  >>ave  no 
center  of  the  Lorn.  coXo“!n  StSHoT  “  Pr°t0nS'  Thc 
system,  ts  the  nucleus,  containing  protons,  neutrons  anTperhaps  die- 
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trons  as  well;  it  comprises  almost  the  total  mass  of  the  atom.  Just  as 
most  of  the  solar  system  is  empty  space,  so  is  the  atom,  with  electrons 
revolving  around  the  nucleus  in  definite  paths  or  orbits.  The  various 
types  of  atoms  have  different  numbers  of  electrons  circling  in  their 
orbits,  and  different  numbers  of  protons  and  neutrons  in  their  nuclei, 
but  in  all  atoms,  the  number  of  protons  in  the  nucleus  equals  the  num¬ 
ber  of  electrons  circling  around  it,  so  that  a  state  of  electrical  neutrality 
is  maintained.  There  are  only  a  few  kinds  of  particles  besides  electrons, 
protons  and  neutrons,  perhaps  no  more  than  two  or  three.  The  different 
types  of  matter  are  produced  by  differences  in  the  number  and  arrange¬ 
ment  of  these  basic  particles. 

2.  Types  of  Substances:  Elements.  Any  substance  composed  of  atoms 
which  have  the  same  number  of  electrons  in  their  orbits  is  called  an 
element.  You  are  acquainted  with  the  more  common  of  these,  such  as 
gold,  silver,  iron  and  copper.  The  most  common  ones  in  living  matter 
are  hydrogen,  oxygen,  carbon  and  nitrogen  (Fig.  1).  Chemists  have 
established  a  kind  of  shorthand  for  their  own  convenience  by  assigning 
symbols  to  the  elements.  The  symbol  usually  is  the  initial  letter  of  the 
element’s  name:  O,  oxygen;  H,  hydrogen;  C,  carbon;  N,  nitrogen.  When 
several  elements  have  the  same  initial  letter,  a  second  letter  is  added  to 
the  symbol:  C,  carbon;  Cu,  copper;  Cl,  chlorine. 

During  the  last  fifty  years  evidence  has  accumulated  that  most,  if 
not  all,  elements  are  made  up  of  two  or  more  kinds  of  atoms,  which 
differ  in  the  number  of  neutrons  in  their  nuclei.  Thus  there  are  sixteen 
kinds  of  lead,  three  kinds  of  hydrogen,  five  kinds  of  carbon,  and  so  on. 
The  different  types  of  atoms  of  an  element  are  known  as  Isotopes  (iso 
=  equal;  tope  =  place)  because  they  occupy  the  same  place  in  the 
periodic  table  of  the  elements  (remember  that  the  electrons  in  their 
orbits  which  are  responsible  for  their  chemical  properties  are  the  same) . 

With  the  development  of  the  cyclotron  and  the  nuclear  reactor,  or 
atomic  pile,  it  became  possible  to  make  artificially  many  new  isotopes, 
and  when  these  became  available,  an  entirely  new  type  of  biological 
research  was  opened  up.  For  although  the  isotopes  of  a  given  element 
have  the  same  chemical  properties,  they  can  be  differentiated  'physically. 
Some  of  them  are  radioactive  and  can  be  detected  with  an  instrument 
such  as  the  Geiger  counter,  by  the  rays  they  emit.  Others  can  be  dif¬ 
ferentiated  by  the  slight  difference  in  the  weight  of  the  atoms  caused  by 
the  extra  neutron  in  the  nucleus.  By  labeling  or  tagging  a  substance — 
some  sugar  molecules,  for  example — by  substituting  either  radioactive 
carbon  (C11orC14)  or  heavy  carbon  (C13)  for  ordinary  carbon  (C12), 
and  then  feeding  or  injecting  it  into  an  animal,  one  can  trace  the  path¬ 
way  the  substance  follows  in  the  body  as  it  is  used  and  finally  excreted. 
Many  problems  in  physiology  and  biochemistry  that  could  not  be  at¬ 
tacked  in  any  other  way  can  be  solved  by  this  method. 

The  chemical  properties  of  elements  depend  chiefly  on  the  number 
and  arrangement  of  the  electrons  in  the  outer  orbit  and  to  a  lesser  de¬ 
gree  on  the  electrons  in  the  inner  orbits,  and  on  the  number  and  kind 
of  particles  in  the  nuclei.  The  number  of  electron.?  in  the  outermost 
orbit  varies  from  zero  to  eight  in  different  atoms.  Tf  there  are  eight 
electrons  in  the  outer  orbit,  the  element  is  chemically  inactive  and  will 
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not  combine  with  other  elements.  When  there  are  fewer  than  eight 
electrons,  the  atom  tends  to  lose  or  gain  some  in  order  to  achieve  an 
outer  orbit  of  eight.  Since  the  number  of  protons  (positively  charged 
particles)  in  the  nucleus  remains  the  same,  the  loss  or  gain  ot  electrons 
by  an  atom  results  in  an  electrically  charged  atom  called  an  ion.  Atoms 
with  one,  two  or  three  electrons  in  the  outer  orbit  tend  to  lose  them  to 
other  atoms  during  chemical  reactions  and  thus  become  positively 
charged  because  of  the  excess  protons  in  the  nucleus.  Atoms  with  five, 
six  or  seven  electrons  in  the  outer  orbit  tend  to  gain  electrons  from 
other  atoms  and  thus  become  negatively  charged  because  of  the  excess 
electrons  revolving  around  the  nucleus.  Atoms  with  four  electrons  in 
the  outer  orbit  (such  as  carbon)  may  either  lose  or  gain  electrons.  Both 
positively  and  negatively  charged  atoms  are  called  ions.  Because  par¬ 
ticles  that  have  opposite  electric  charges  attract  each  other,  positive 
and  negative  ions  tend  to  unite. 

Compounds.  A  substance  formed  by  the  union  of  two  or  more  dif¬ 
ferent  kinds  of  atoms  or  ions  is  called  a  compound.  The  smallest  particle 
of  a  compound  having  the  composition  and  properties  of  a  larger  part 
of  the  substance  is  called  a  molecule.  A  pure  compound  is  always  made 
of  two  or  more  elements  united  in  a  definite  ratio.  Water,  for  example, 
always  contains  two  atoms  of  hydrogen  for  every  atom  of  oxygen;  hence 
the  chemical  formula,  ILO.  In  contrast,  a  mixture  is  made  of  two  or 
more  kinds  of  atoms  or  molecules  which  may  be  combined  in  different 


proportions.  Thus  water  and  alcohol  may  be  mixed  in  all  proportions, 
and  air  is  a  mixture  of  varying  amounts  of  oxygen  and  nitrogen,  plus 
small  quantities  of  carbon  dioxide,  argon  and  other  gases.  It  follows  that 
a  pure  compound  will  exhibit  certain  fixed  chemical  and  physical  proper¬ 
ties,  whereas  a  mixture  will  have  properties  that  vary  with  the  relative 
abundance  of  its  constituents.  A  molecule  of  glucose  (a  simple  sugar) 
is  composd  of  six  carbon  atoms,  twelve  hydrogen  atoms  and  six  oxygen 
atoms,  and  therefore  has  the  formula  C6II1206.  Any  larger  portion  of 
glucose  a  gram,  for  instance — will  also  contain  carbon,  hydrogen  and 
oxygen  in  the  same  proportions.  If  it  were  possible  to  divide  a  gram  of 
glucose  in  half,  then  divide  the  half  in  half,  then  the  quarters  in  half 
and  so  on,  eventually  the  glucose  would  be  subdivided  into  its  con¬ 
stituent  molecules,  each  of  which  would  have  the  same  composition  and 
proper  .es  as  the  original  gram.  However,  if  a  glucose  molecule  were 
divided,  the  parts  no  longer  would  be  sugar,  but  would  be  carbon 
Mrogen  and  oxygen  atoms,  and  would  have  quite  different  properties’ 
ie  molecules  of  a  few  substances  are  composed  of  only  one  kind  of 
atom-oxygen  and  nitrogen,  for  example,  exist  in  the  atmosphere  as  O 
and  N2  each  molecule  being  made  of  two  of  the  same  kind  of  atom2 
ie  molecules  of  some  other  substances  contain  several  kinds  of  ntnm 
a  molecule  of  table  salt,  or  sodium  chloride  is  mad,  n  f  ^ 

sodium  (Na,  from  its  Latin  name,  natrium )  ’and  one  of  chlorine  fClf 
A  glucose  molecule  is  slightly  more  comnW  Un  orine  (Cl) . 

kinds  of  atoms;  and  some  moLules  such  as  those COmf?sed'  ot  three 

mKr  ss: of  atT ems' are  enor~ 

water,  and  are  caUed  acids.  Acids  have  a  Lur  ^e "and"  thfabimy  to 
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change  the  color  of  blue  litmus  paper  to  red.  (Litmus  is  an  indicator,  a 
substance  which  will  change  color  in  the  presence  of  an  acid  or  an 
alkali.)  Two  common  examples  of  acids  are  vinegar,  which  contains 
acetic  acid,  and  sour  milk,  which  contains  lactic  acid. 

Alkalis.  Alkalis  are  compounds  which  release  hydroxyl  ions  when  dis¬ 
solved  in  water.  A  hydroxyl  ion  is  made  of  an  oxygen  atom  and  a  hydro¬ 
gen  atom  bound  together  (expressed  as  OH) ,  and  has  a  negative  electric 
charge.  Alkalis  turn  red  litmus  paper  blue.  Typical  alkalis  are  sodium 
hydroxide  (NaOH)  and  household  ammonia  or  ammonium  hydroxide 
(NH4OH). 

In  stating  the  amount  of  acidity  or  alkalinity  of  a  fluid,  the  concept  of 
pH  is  used.  Thus,  a  pH  of  7  indicates  a  substance  that  is  neutral,  neither 
acid  nor  alkaline.  A  pH  less  than  7  indicates  an  acid,  and  one  over  7 
indicates  an  alkali  (the  scale  extends  to  14) .  Because  the  scale  is  log¬ 
arithmic,  a  substance  with  a  pH  of  5  is  ten  times  as  acid  as  one  with 
a  pH  of  6;  a  substance  with  a  pH  of  10  is  100  times  as  alkaline  as  one 
with  a  pH  of  8;  and  so  on. 

Salts.  When  an  acid  and  an  alkali  are  mixed,  the  hydrogen  ion  of  the 
acid  unites  with  the  hydroxyl  ion  of  the  alkali  to  form  water,  and  the 
rest  of  the  acid  unites  with  the  rest  of  the  alkali  to  form  a  salt.  Thus 
hydrochloric  acid  (HC1)  mixed  with  sodium  hydroxide  (NaOH)  pro¬ 
duces  water  (H20)  and  common  table  salt  (NaCl),  which  is  just 
one  of  the  many  compounds  known  as  salts.  Salts  may  be  defined  briefly 
as  compounds  in  which  the  hydrogen  atom  of  an  acid  is  replaced  by 
some  metal.  They  may  be  produced  in  other  ways  than  by  mixing  an 
acid  and  an  alkali — by  the  action  of  an  acid  on  a  metal,  for  example. 

Salts,  acids  and  alkalis,  when  dissolved  in  water,  separate  into  their 
constituent  ions,  and  these  charged  particles  can  conduct  an  electric 
current.  Such  substances  are  called  electrolytes.  Other  substances  such 
as  sugars  and  alcohols,  which  do  not  separate  into  ions  when  dissolved, 
and  therefore  do  not  conduct  an  electric  current,  are  called  nonelectro¬ 
lytes.  j 

3.  Chemical  Reactions.  The  mixing  of  hydrochloric  acid  and  sodium 
hydroxide  is  an  example  of  a  chemical  reaction.  Chemical  reactions  are 
expressed  in  symbols  with  a  plus  sign  connecting  the  substances  which 
interact  or  result,  and  an  arrow  indicating  the  direction  in  which  the 
chemical  reaction  proceeds. 

HC1  +  NaOH  - »  NaCl  +  H,0 

Notice  that  there  is  the  same  number  of  each  kind  of  atom  on  each 
side  of  the  arrow,  since  atoms  are  neither  destroyed  nor  created  in  a 
chemical  reaction,  but  simply  change  partners.  This  is  an  expression  of 
one  of  the  basic  tenets  of  physics,  the  Law  of  the  Conservation  of 
Matter.  The  energy  relations  of  the  several  chemicals  involved,  their 
relative  concentrations  and  their  solubility  are  some  of  the  factors  in¬ 
volved.  Under  certain  conditions  some  chemical  reactions  are  reversible: 
they  may  go  from  right  to  left  or  in  the  opposite  direction,  depending 
upon  the  factors  just  mentioned.  Reversible  reactions  are  indicated  by 
a  double  arrow: 

The  rate  at  which  chemical  reactions  occur  is  determined  by  a  number 
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of  factors  one  of  which  is  temperature.  Each  increase  of  10°  C.  ap¬ 
proximately  doubles  the  rate  of  reaction.  This  is  true  of  biological  pro¬ 
cesses  as  well  as  of  reactions  in  a  test  tube,  indicating  that  the  chemical 
reactions  of  living  things  are  not  fundamentally  different  from  those 

4.  Energy.  Energy  has  been  defined  as  the  ability  to  do  work  or  pro¬ 
duce  a  change  in  matter;  it  may  take  the  form  of  heat,  light,  electricity 
or  motion.  Physicists  recognize  two  kinds  of  energy:  potential,  the 
ability  to  do  work,  owing  to  the  position  of  a  particle;  and  kinetic,  the 
energy  of  motion.  A  rock  at  the  top  of  a  hill  has  potential  energy;  as 
it  rolls  down  hill,  the  potential  energy  becomes  kinetic  energy.  The 
potential  energy  of  water  at  the  top  of  a  dam  may  be  transformed  into 
kinetic  energy  if  it  is  harnessed  to  a  water  wheel.  Energy  is  stored  in 
food  as  potential  energy,  due  to  the  position  of  the  atoms  in  the  food 
molecules.  Then,  inside  the  body,  chemical  reactions  occur  which  change 
this  potential  energy  into  heat,  motion  or  some  other  kind  of  kinetic 
energy.  Living  organisms  are  constantly  transforming  potential  energy 
into  kinetic  energy,  or  vice  versa.  Under  experimental  conditions  the 
amount  of  energy  entering  and  leaving  any  given  system  may  be  meas- 

red  and  compared.  It  is  always  found  that  energy  is  neither  created 
destroyed,  but  only  transformed  from  one  form  to  another.  This  is 
„„  expression  of  another  fundamental  law  of  physics,  the  Law  of  the 
Conservation  of  Energy.  Living  things  as  well  as  nonliving  systems  obey 
this  law. 

5.  Types  of  Mixtures:  Solutions.  When  a  substance  is  mixed  with 
water  or  some  other  liquid,  one  of  three  types  of  mixtures  results.  In  one 
type,  called  a  true  solution,  the  ions  or  molecules  of  the  dissolved  sub¬ 
stance  (the  solute)  are  dispersed  among  those  of  the  dissolving  liquid 
(the  solvent) .  These  dispersed  particles  are  extremely  tiny,  either  atoms 
or  small  molecules.  True  solutions  are  transparent  and  have  a  higher 
boiling  point  and  a  lower  freezing  point  than  pure  water.  Most  acids, 
bases,  salts  and  some  nonelectrolytes,  such  as  sugar,  form  true  solutions 
when  added  to  water. 

Suspensions.  Other  substances,  such  as  clay,  break  up  into  relatively 
large  particles  and  form  a  suspension.  The  dispersed  particles  in  a  sus¬ 
pension  are  made  of  aggregates  of  large  numbers  of  molecules,  which 
settle  out  if  the  suspension  is  allowed  to  stand.  Thus  the  particles  of 
clay  in  muddy  water  will  fall  to  the  bottom  if  the  water  is  not  stirred 
constantly.  Suspensions  are  not  transparent  and  have  the  same  boiling 
and  freezing  points  as  pure  water. 

Colloids.  If  the  dispersed  particles  are  intermediate  in  size  (between 
0.1  and  0.001  micron  in  diameter),  too  small  to  settle  to  the  bottom 
but  too  large  to  form  a  true  solution,  the  mixture  is  known  as  a  colloid,’ 
or  colloidal  solution.  Many  common  substances  are  colloids— mayon¬ 
naise,  cream,  butter,  jello,  glue,  fog  and  soap  are  just  a  few  There  are 
several  types  of  colloids:  a  solid  in  a  liquid,  such  as  glue-  a  solid  in  a 
gas,  such  as  smoke;  and  a  liquid  in  a  gas,  such  as  fog.  A  type  of  colloid 

o"  --  S 

are  colloids  because  of  the  size  of  the 
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transparent  or  translucent,  have  about  the  same  boiling  and  freezing 
points  as  pure  water,  and  are  stable — that  is,  they  do  not  separate  into 
their  constituent  parts  on  standing. 

Colloids  are  unique  in  their  ability  to  change  from  a  liquid  condition, 
known  as  a  sol,  to  a  solid  or  semisolid  condition,  known  as  a  gel.  When 
the  contents  of  a  package  of  gelatin  are  dissolved  in  hot  water,  the  par¬ 
ticles  of  gelatin  are  dispersed  throughout  the  water  and  a  liquid  colloidal 
solution,  a  sol,  results.  As  the  gelatin  cools,  the  gelatin  particles  become 
the  continuous  phase,  the  water  particles  become  dispersed  discontinu- 
ously  througout  the  gelatin,  and  a  semisolid  gel,  the  “jello'’  results.  When 
reheated,  the  gel  becomes  a  sol  again.  It  is  not  always  necessary  to 
change  the  temperature  in  order  to  change  a  sol  to  a  gel — when  cream 
is  beaten  it  changes  from  a  liquid,  sol  condition  to  the  semisolid,  gel 
condition  of  whipped  cream.  Not  all  colloids  are  reversible;  some  are 
destroyed  by  changes  in  acidity,  alkalinity  or  temperature.  The  particles 
coagulate,  aggregate  into  larger  particles  (thus  becoming  a  suspension) 
and  finally  settle  out.  Egg  white  is  a  colloid  which,  when  heated,  coag¬ 
ulates.  The  particles  of  a  colloid  may  have  either  a  positive  or  a  nega¬ 
tive  charge.  Usually,  the  particles  of  a  given  colloidal  system  have  the 
same  charge,  so  that  the  particles  tend  to  repel  each  other  and  so  re¬ 
main  dispersed  and  uncoagulated. 

Many  of  the  properties  of  colloids  depend  upon  the  enormous  amount 
of  surface  area  between  the  dissolved  particles  and  the  dissolving  med¬ 
ium.  The  surface  area  obviously  increases  manyfold  as  a  substance  is 
divided  into  finer  particles.  A  cube  1  cm.  on  each  edge  has  a  surface  area 
of  6  square  cm.  When  this  is  cut  into  eight  cubes,  each  0.5  cm.  on  an 
edge,  each  cube  has  a  surface  of  1.5  square  cm.,  or  a  total  area  of  12 
square  cm.  for  the  eight  cubes.  If  the  cube  were  divided  into  particles 
100  microns  on  an  edge,  the  total  surface  area  would  be  600  square  cm.; 
and  if  the  cube  were  divided  into  particles  of  colloidal  size,  say  0.01 
micron  on  an  edge,  the  total  surface  area  would  be  6,000,000  square  cm. 
Since  many  chemical  reactions  can  occur  only  at  a  surface,  a  colloidal 
system  is  a  much  better  medium  for  rapid  and  frequent  reactions  than 
is  any  other  type  of  mixture. 

6.  The  Motion  of  Molecules.  The  molecules  which  make  up  all  kinds 
of  substances  are  constantly  in  motion.  At  first  thought  this  seems  diffi¬ 
cult  to  believe,  for  many  of  the  world's  objects  seem  undeniably  solid 
and  stationary.  But  the  fact  is  that  the  molecules  which  make  up  the 
bricks  of  a  house  or  the  granite  of  a  mountain  are  constantly  vibrating 
back  and  forth  within  an  extremely  small  space.  The  chief  difference 
between  the  three  states  of  matter — solid,  liquid  and  gas — is  simply  the 
freedom  of  movement  of  the  molecules  involved.  The  molecules  of  a 
solid  are  restricted  to  vibration;  the  molecules  of  a  liquid  move  about 
with  considerable  freedom;  and  the  movements  of  molecules  in  the  gase¬ 
ous  state  are  restricted  only  by  external  barriers.  This  movement  is 
caused  by  the  inherent  heat  energy  of  the  molecules. 

It  is  characteristic  of  molecules  in  liquids  and  gases  to  diffuse,  or 
move,  in  all  directions  until  they  are  spread  evenly  throughout  the 
available  space.  Diffusion  may  be  defined  as  the  movement  of  molecules 
from  a  region  of  high  concentration  to  one  of  lower  concentration. 


Physicochemical  Background 

because  of  their  inherent  heat  energy.  The  physical  process  of  diffusion 
is  important  in  many  biological  phenomena,  and  examples  are  familiar 
to  everyone.  If  a  room  is  tightly  closed  to  eliminate  air  currents  and 
perfume  is  released  in  one  corner  of  the  room,  the  molecules  of  perfume 
will  spread  out  from  the  original  corner  where  the  high  concentration 
exists  to  all  parts  of  the  room  (regions  of  lower  concentration) .  Ur  it 
a  lump  of  sugar  is  dropped  in  a  beaker  of  water,  the  sugar  dissolves  and 
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Fig.  2.  Diffusion.  A,  When  a  lump  of  sugar  is  dropped  in  a  beaker  of  water,  its  molecules 
dissolve  and  begin  to  diffuse.  B,  As  a  result  of  diffusion,  the  sugar  molecules  are  dispersed 
evenly  throughout  the  water  in  the  beaker.  C,  When  lumps  of  both  sugar  and  salt  are  placed 
in  a  beaker  of  water,  each  type  of  molecule  diffuses  independently  of  the  other.  D,  as  a 
result,  both  sugar  and  salt  molecules  are  spread  evenly  throughout  the  beaker  of  water. 


the  individual  sugar  molecules  diffuse  from  the  original  position  in  the 
beaker  (F^.  2,  A)  and  come  to  be  spread  equally  throughout  the  li¬ 
quid  (Fig.  2,  B).  The  individual  molecules  move  in  a  straight  line  until 
they  bump  into  something— another  molecule  or  the  side  of  the  con- 
ainer;  then  they  rebound  and  move  in  another  direction.  That  the  suear 

beakpU  GS  mT  dlffus(\d  from  thcir  original  corner  to  all  parts  of  the 

beaked  with  a ’mPH°  7  withdra'™S  a  few  drops  of  liquid  from  the 
beaker  with  a  medicine  dropper  and  tasting  them.  The  molecules  con 

°  m°Ve  after  they  have  sP™d  throughout  the  beaker:  however 
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as  fast  as  some  molecules  move  from  left  to  right,  others  move  from 
right  to  left,  so  that  an  equilibrium  is  maintained. 

Any  number  of  substances  will  diffuse  independently  of  each  other. 
If  a  lump  of  salt  is  dropped  into  another  corner  of  the  same  beaker 
where  the  sugar  has  been  deposited  (Fig.  2,  C) ,  its  molecules  will  spread 
out  in  all  directions,  unaffected  by  the  sugar  molecules,  so  that  each 
drop  of  water  in  the  beaker  will  have  some  salt  and  some  sugar  mole- 
•  cules  (Fig.  2,  D) .  Diffusion  occurs  more  rapidly  in  gases  than  in  liquids, 
but  will  occur  even  in  solids  though  extremely  slowly. 


Fig.  3.  Diagram  illustrating  osmosis.  A,  When  a  5  per  cent  sugar  solution  is  placed  in  a 
sac  made  of  a  semipermeable  membrane,  such  as  collodion,  and  suspended  in  water,  the 
water  molecules  diffuse  into  the  sac,  causing  the  column  of  water  in  the  glass  tube  to  rise. 
B,  When  equilibrium  is  reached,  the  pressure  of  the  column  of  water  in  the  tube  just  equals, 
and  is  a  measure  of,  the  osmotic  pressure  of  the  sugar  solution. 

7.  Membranes.  If  a  membrane  is  introduced  into  a  diffusing  system, 
some  additional  factors  come  into  play.  Whether  or  not  a  membrane 
will  permit  a  certain  substance  to  pass  through  it  depends  on  its  struc¬ 
ture.  A  membrane  is  said  to  be  permeable  if  it  will  permit  any  substance 
to  pass  through,  impermeable  if  it  will  permit  no  substance  to  pass,  and 
semipermeable  if  it  will  allow  some  but  not  all  substances  to  diffuse 
through.  Permeability  is  a  property  of  the  membrane,  not  of  the  dif¬ 
fusing  substance.  Only  semipermeable  membranes  are  important  bio¬ 
logically,  since  they  surround  the  living  substance  of  all  animals  and 
plants. 

The  diffusion  of  a  dissolved  substance  through  a  semipermeable  mem¬ 
brane  is  called  dialysis.  If  we  stretch  a  semipermeable  membrane  made 
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of  collodion,  cellophane  or  parchment  across  a  beaker,  and  drop  a  lump 
of  sugar  on  one  side  of  it,  the  sugar  molecules  will  dialyze  (if  the  mem¬ 
brane  is  permeable  to  sugar)  and  come  to  be  equally  distributed  through¬ 
out  the  beaker.  A  semipermeable  membrane  has  extremely  tiny  pores 
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cannot  dialyze,  but  smaller  ones  can.  factors  oiner  man  sum  as 

.  the  electric  charge,  if  any,  carried  by  the  diffusing  particles,  may  also 
be  important  in  determining  whether  dialysis  will  take  place. 

If  a  membrane  permeable  to  water  but  not  to  sugar  molecules  is  made 
in  the  form  of  a  bag,  tilled  with  5  per  cent  sugar  solution,  tightly  stop¬ 
pered  with  a  cork  through  which  a  glass  tube  runs,  and  then  put  in  a 
beaker  of  water,  so  that  the  levels  of  the  water  and  sugar  solution  are 
identical  (Fig.  3,  A) ,  a  different  type  of  diffusion  may  be  observed.  The 
sugar  molecules  are  unable  to  penetrate  the  membrane,  and  so  remain 
inside  the  bag.  The  water  molecules,  however,  diffuse  through  the  mem¬ 
brane  into  the  sugar  solution.  Since  the  liquid  inside  the  membrane  is 
5  per  cent  sugar,  it  is  only  1)5  per  cent  water.  The  liquid  outside  the 
membrane  is  100  per  cent  water.  Therefore  the  water  molecules  move 
from  a  region  of  higher  concentration  (100  per  cent,  outside  the  mem¬ 
brane)  ,  to  a  region  of  lower  concentration  (1)5  per  cent,  inside  the  bag)  . 
This  diffusion  of  water  or  solvent  molecules  through  a  membrane  is  called 
osmosis.  As  osmosis  occurs,  the  water  rises  in  the  glass  tube  (Fig.  3, 
/i).  If  an  amount  of  water  passes  through  the  membrane  equal  to  the 
amount  of  water  originally  inside  the  bag,  the  sugar  solution  will  be 
diluted  to  2.5  per  cent  sugar  and  97.5  per  cent  water,  but  the  concentra¬ 
tion  of  water  on  the  outside  will  still  be  higher  than  that  on  the  inside 
and  osmosis  will  continue.  Eventually  the  water  in  the  glass  tube  will 
rise  to  a  height  such  that  the  weight  of  the  water  in  the  glass  tube  will 
exei  t  a  pressure  just  equal  to  the  tendency  of  the  water  to  pass  through 
the  membrane.  Then  no  additional  water  will  pass  through,  or  rather, 
osmosis  will  occur  in  both  directions  through  the  semipermeable  mem¬ 
brane  with  equal  speed.  The  pressure  of  the  column  of  water  just  equals, 
and  is  therefore  a  measure  of,  the  osmotic  pressure  of  the  sugar  solu¬ 
tion.  This  osmotic  pressure  is  brought  about  by  the  tendency  of  the 
water  molecules  to  pass  through  the  semipermeable  membrane  and 
equalize  the  concentration  of  water  molecules  on  the  two  sides  of  the 
membrane.  A  more  concentrated  sugar  solution  would  “draw”  water 
to  a  higher  level  in  the  tube  and  thus  have  a  greater  osmotic  pressure. 
A  10  per  cent  sugar  solution  would  cause  water  to  rise  approximately 
twice  as  high  in  the  tube  as  a  5  per  cent  solution. 

The  phenomena  of  dialysis,  osmosis  and  osmotic  pressure  are  ex- 
remely  important  in  biological  processes.  Dialysis  and  osmosis  are 
simply  two  special  forms  of  diffusion.  Diffusion  is  the  general  term  for 
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sugars  and  so  on — which  give  the  fluid  a  certain  osmotic  pressure.  When 
a  cell  is  placed  in  a  fluid  with  the  same  osmotic  pressure  as  its  own, 
water  does  not  enter  or  leave  the  cell  (it  neither  shrinks  nor  swells) , 
and  the  fluid  is  said  to  be  isotonic  to  it.  Normally,  the  blood  and  all  the 
body  fluids  are  isotonic;  that  is,  they  contain  the  same  amount  of  dis¬ 
solved  material  as  the  body  cells.  If  a  fluid  contains  more  dissolved  sub¬ 
stances  than  a  cell,  water  tends  to  pass  out  of  the  cell,  causing  it  to 
shrink.  Such  a  fluid  is  said  to  be  hypertonic  to  the  cell.  Finally,  if  a  fluid 
contains  less  dissolved  material  than  a  cell,  water  tends  to  enter  the 
cell,  causing  it  to  swell.  In  this  case  the  fluid  is  said  to  be  hypotonic  to  the 
cell.  A  solution  of  0.9  per  cent  sodium  chloride  (physiological  saline)  is 
isotonic  to  human  cells.  Red  blood  cells  placed  in  a  solution  of  0.6  per 
cent  sodium  chloride  swell  and  burst,  whereas  in  a  1.3  per  cent  solution 
they  shrink. 


QUESTIONS 

1.  Differentiate  between  an  element  and  a  compound. 

2.  What  is  the  relationship  between  atoms  and  molecules? 

3.  What  is  the  meaning  of  the  symbol  pH?  Why  is  it  important? 

4.  What  is  the  difference  between  acids,  alkalis  and  salts? 

5.  Why  does  the  mixing  of  alcohol  and  water  not  constitute  a  chemical  reaction? 

6.  In  what  ways  do  gases,  liquids  and  solids  differ? 

7.  Why  do  colloids  afford  a  particularly  good  base  for  chemical  reactions? 

8.  Differentiate  between  diffusion,  dialysis  and  osmosis. 

9.  What  is  the  exact  meaning  of  the  following  terms:  atom,  isotope,  ion?  Could  a  single 
particle  of  matter  be  all  three  simultaneously? 
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CHAPTER  3 


PROTOPLASM 


THE  BODIES  of  human  beings,  as  well  as  those  of  other  animals  and  of 
plants,  are  composed  of  a  substance  called  protoplasm.  This  basic, 
living  material  is  not  homogeneous,  but  varies  among  organisms  and 
among  the  different  organs  of  a  single  animal  or  plant.  From  time  to 
time,  even  a  single  organ  may  change  in  composition.  All  the  many 
kinds  of  protoplasm  share  certain  physical  and  chemical  characteristics, 
however,  and  whatever  the  secret  of  life  may  be,  it  is  well  hidden  in  this 
exceedingly  complex  substance. 


I.  PHYSICAL  CHARACTERISTICS  OF  PROTOPLASM 

We  cannot  see  protoplasm  on  the  surface  of  the  human  body  because 
the  living  stuff  is  covered  with  a  dead,  protective  layer  of  skin.  In  order 
to  see  how  the  fundamental  matter  of  life  looks,  it  is  necessary  to 
examine  some  simple  animal  or  plant,  like  the  ameba  or  slime  mold, 
in  which  the  protoplasm  is  naked  and  hence  visible  under  the  micro¬ 
scope.  The  protoplasm  of  such  an  organism  seems  colorless  or  perhaps 
faintly  yellowish  or  greenish.  Structurally  it  varies,  sometimes  appear¬ 
ing  fibrillar  or  granular,  and  again  exhibiting  a  netlike  or  honeycomb 
pattern.  Invariably,  it  has  a  thick,  viscid,  syrupy  consistency  and 
would  feel  slimy  to  the  touch. 

Most  of  the  peculiar  qualities  of  protoplasm  depend  upon  the  fact  that 
it  is  a  colloidal  system,  a  mixture  of  one  substance,  in  the  form  of  tiny 
particles,  with  another  substance.  In  this  case,  the  protein  molecules, 
being  too  large  to  form  a  true  solution  with  water,  and  too  small  to 

settle  out,  are  dispersed  throughout  the  medium  and  form  a  colloidal 
suspension. 

I  rotoplasm  is  constantly  and  rapidly  changing  from  the  sol  to  the  gel 
state  and  back,  and  the  inherent  capacity  to  do  this  is  absolutely  es¬ 
sential  for  it  to  remain  alive.  If  the  temperature  is  raised  beyond  a  cer¬ 
tain  point  or  if  certain  chemicals  are  applied  to  it,  protoplasm  is  irre¬ 
versibly  changed  into  a  gel  or  a  sol  and  dies. 


IT.  CHEMICAL  COMPOSITION  OF  PROTOPLASM 

!•  Elements-  The  unique  property  of  protoplasm,  its  aliveness  does 
not  depend  upon  the  presence  of  some  rare  or  unique  element  Four 
elements,  carbon,  oxygen,  hydrogen  and  nitrogen,  make  up  about  96 
per  cent  of  the  material  of  the  human  body.  Another  four  '  calcium 
p  osP1orus,  potassium  and  sulfur,  constitute  3  per  cent  of  the  bodv 
weight.  Minute  amounts  of  iodine  iron  sodium  .Ll  *  .ody 

copper  and  perhaps  other  elements  'complete the  list \  iThVsTT^T' 
and  especially  the  first  four,  are  abundant  £  the  heTanVs 
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crust  and  the  sea.  Life  depends  upon  the  complexity  of  the  interrela¬ 
tionships  of  these  common,  abundant  elements. 

2.  Compounds:  Water.  The  elements  just  mentioned  usually  occur  in 
protoplasm  as  chemical  compounds,  rather  than  singly  as  elements.  A 
large  part  of  protoplasm  (about  two-thirds  of  the  body  by  weight)  is 
simply  water  (H20) .  In  man  the  percentage  of  water  in  protoplasm 
varies  in  different  tissues,  from  about  20  per  cent  in  bone  to  85  per  cent 
in  brain  cells.  In  jellyfish  as  much  as  95  per  cent  of  the  protoplasm  may 
be  water.  The  water  is  extremely  important  as  the  dispersing  phase  of 
the  colloidal  system,  for  the  chemicals  involved  in  the  reactions  basic 
to  life  require  a  water  medium  in  order  to  react.  All  the  waste  products 
of  living,  as  well  as  these  chemicals,  are  dissolved  in  it.  Furthermore, 
since  water  has  a  vast  capacity  for  absorbing  heat  without  greatly  alter¬ 
ing  its  own  temperature,  it  is  important  in  protecting  protoplasm  against 
sudden  thermal  changes.  It  has  also  the  property  of  absorbing  a  great 
deal  of  heat  as  it  changes  from  a  liquid  to  a  gas,  thus  enabling  the  body 
to  dissipate  excess  heat  by  the  evaporation  of  sweat.  The  characteristic 
high  heat  conductivity  of  water  makes  it  possible  for  heat  to  be  dis¬ 
tributed  evenly  throughout  the  body  tissues.  Finally,  water  is  indis¬ 
pensable  as  a  lubricant,  being  present  in  body  fluids  wherever  one  organ 
rubs  against  another,  and  in  the  joints  where  one  bone  moves  on  another. 

Mineral  Salts.  Protoplasm  contains  a  variety  of  mineral  salts,  of 
which  sodium,  potassium,  calcium  and  magnesium  are  the  chief  posi¬ 
tively  charged  ions,  and  chlorine,  carbonate,  phosphate  and  sulfate  are 
the  most  common  negatively  charged  ions.  A  complete  analysis  of  the 
body  fluids  shows  that  both  in  the  kinds  of  salts  present  and  in  their 
relative  concentration,  they  remarkably  resemble  sea  water.  When  pro¬ 
toplasm  first  originated  (which  most  biologists  believe  to  have  occurred 
in  the  sea)  it  probably  incorporated  the  salts  of  its  environment,  thereby 
becoming  adapted  to  living  in  the  presence  of  these  salts.  Then,  when 
larger  marine  organisms  evolved  from  the  original  ones,  their  body 
fluids  were  obtained  from  the  surrounding  sea  water.  Undoubtedly  the 
process  was  repeated  when  the  land  forms  evolved  from  the  marine 
organisms,  so  that  the  body  fluids  of  present-day  land  animals,  includ¬ 
ing  man.  have  essentially  the  same  composition  as  sea  water.  Dr.  Macal- 
lum  of  Toronto  has  suggested  that  the  concentration  of  salts  in  the  body 
fluids  of  mammals  today  (about  0.9  per  cent  by  weight)  reflects  the  con¬ 
centration  of  salts  in  the  sea  during  the  Cambrian  period  when  the 
ancestors  of  the  land  animals  left  the  sea.  The  difference  between  this 
and  the  concentration  of  salts  in  the  sea  today,  about  1.035  per  cent  by 
weight,  may  represent  the  increase  in  the  salt  content  of  the  sea  brought 
about  by  the  constant  leaching  of  the  land  over  the  approximately 
550,000,000  intervening  years. 

Although  the  salts  are  present  in  low  concentration  in  the  body  fluids, 
they  have  a  marked  influence  on  cell  function.  The  concentration  of  the 
various  salts  is  extremely  constant  under  normal  conditions,  and  any 
great  deviation  from  the  normal  causes  marked  effects,  even  death. 
Heart  muscle  can  contract  normally  only  in  the  presence  of  the  proper 
balance  of  sodium,  potassium  and  calcium  ions.  If  a  frog  heart  is  re¬ 
moved  and  placed  in  a  pure  sodium  chloride  solution,  it  soon  stops 
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beating  in  a  relaxed  condition.  If  placed  in  a  solution  of  potassium 
chloridge  or  a  mixture  of  sodium  and  calcium  chloride,  it  will  stop  in the 
contracted  condition.  It  will  continue  to  beat,  however  it  placed 
solution  containing  the  proper  balance  of  these  three  salts.  A  decrease 
in  the  concentration  of  calcium  ions  in  the  blood  of  mammals  results  in 

convulsions  and  death.  , 

In  addition  to  these  specific  effects  of  particular  salts  on  protop  asm, 

the  mineral  salts  are  important  in  maintaining  the  osmotic  balance 

between  protoplasm  and  its  environment. 

3  Organic  Compounds.  Chemical  compounds  which  contain  carbon 
(with  the  exception  of  the  carbonates)  are  known  as  organic  com¬ 
pounds.  Because  of  the  structure  of  the  carbon  atom  (see  Fig.  1)  and 
the  fact  that  it  can  either  gain  or  lose  four  electrons  from  its  outer 
orbit,  carbon  can  form  a  much  greater  variety  of  compounds  than  can 
any  other  element.  In  fact,  one  of  the  largest  branches  of  chemistry, 
organic  chemistry,  deals  only  with  these  compounds  and  their  reactions. 
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Fig.  4.  Structural  formulas  of  two  simple  sugars. 


Though  it  was  once  believed  that  organic  compounds  could  be  pro¬ 
duced  only  by  living  cells,  in  1828  the  German  chemist  Wohler  suc¬ 
ceeded  in  artificially  producing  urea  from  the  inorganic  substance  am¬ 
monium  carbonate.  Urea  is  an  organic  compound  found  as  a  waste 
product  in  the  urine  of  vertebrates.  Since  that  time  an  enormous  num¬ 
ber  of  organic  compounds  have  been  synthesized,  and  it  is  recognized 
that  there  is  no  essential  difference  between  organic  and  inorganic  com¬ 
pounds.  Organic  compounds  are  fundamental  to  the  chemistry  of  pro¬ 
toplasm.  The  three  main  groups  found  in  protoplasm  are  carbohydrates, 
fats  and  proteins. 


Carbohydrates.  Carbohydrates  are  compounds  containing  only  car¬ 
bon,  hydrogen  and  oxygen.  These  are  present  in  the  ratio  of  1C:2II:  10 
Sugars,  starches  and  cellulose  are  examples  of  carbohydrates 
The  simplest  carbohydrates  found  in  protoplasm  are  the  simple 
sugars,  which  have  the  formula  C0H12O6.  There  are  several  of  these 
simple  sugars,  all  generally  similar,  but  differing  in  minor  chemical  prop- 
rties,  because  of  variations  in  the  arrangements  of  the  atoms  within  the 
™  Slmi  ar  differences  caused  by  variations  in  the  internal  struc¬ 
ture  of  the  molecule  are  frequently  found  in  organic  chemistry.  Glucose 
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(also  called  dextrose)  and  fructose  are  two  simple  sugars  with  the 
formula  C6II120t;,  but  with  certain  differences  in  their  chemical  proper¬ 
ties.  Chemists  show  these  internal  structural  differences  by  drawing 
structural  formulas  of  such  compounds  (Fig.  4) .  Hydrogen  has  one  bond 
to  connect  to  other  atoms;  oxygen,  two;  and  carbon,  four  (see  Fig.  1  for 
the  structure  of  these  atoms  and  the  number  of  electrons  they  may  gain 
or  lose  to  form  compounds) . 

Glucose  is  the  only  simple  sugar  found  in  any  quantity  in  the  body. 
The  liver  changes  all  the  carbohydrates  which  are  digested  into  glucose, 
since  that  is  the  only  sugar  protoplasm  uses  as  fuel.  Glucose  is  an  ab¬ 
solutely  indispensable  component  of  blood.  Normally  it  is  present  in 
the  blood  and  tissues  of  mammals  in  a  concentration  of  about  0.1  per 
cent  by  weight.  No  particular  harm  results  from  a  simple  increase  in  the 
amount  of  glucose  in  the  body,  but  a  reduced  concentration  increases 
the  irritability  of  certain  brain  cells,  so  that  they  respond  to  very 
slight  stimuli.  As  a  result  of  impulses  from  these  cells  to  the  muscles, 
muscular  twitches,  convulsions,  unconsciousness  and  death  may  ensue. 
It  is  not  clear  why  these  brain  cells  depend  on  a  particular  concentra¬ 
tion  of  glucose  for  normal  functioning,  but  there  is  an  extremely  com¬ 
plex  mechanism,  involving  the  nervous  system,  liver,  pancreas  and  ad¬ 
renal  glands,  which  maintains  the  proper  concentration. 

A  second  group  of  carbohydrates  found  in  protoplasm  is  the  double 
sugars,  which  have  the  formula  C10H22OH.  As  their  name  implies, 
they  are  made  of  two  simple  sugars  joined  together  by  the  removal  of 
a  molecule  of  water: 

SCgH^Og - >  C12H22O11  +  H2O 

Both  cane  and  beet  table  sugars  are  sucrose,  a  combination  of  one 
molecule  of  glucose  with  one  of  fructose.  Many  other  double  sugars  are 


Table  2.  Relative  Sweetness  of  Some  of  the  Common  Sugars 


Sugar 
Lactose  . 
Galactose 
Maltose  . 
Glucose  . 
Sucrose  . 
Fructose 


Relative  Sweetness 
(Sucrose  100) 

.  16.0 

.  32.1 

.  32.5 

. '  74.3 

.  100.0 

.  173.3 


known,  all  with  the  formula  C12H22O11,  but  differing  in  the  arrange¬ 
ment  of  their  constituent  atoms  and  hence  in  some  of  their  chemical 
and  physical  properties.  Maltose  or  malt  sugar  is  composed  of  two  mole¬ 
cules  of  glucose;  lactose  or  milk  sugar,  found  in  the  milk  of  all  mam¬ 
mals,  is  made  of  one  molecule  of  glucose  and  one  of  galactose,  a  third 
kind  of  simple  sugar.  These  sugars  differ  markedly  in  the  degree  of  their 
sweetness.  Fructose  is  the  sweetest  of  the  common  sugars.  Lactose,  the 
least  sweet,  is  less  than  one-tenth  as  sweet  as  fructose.  Sucrose  is  inter¬ 
mediate  (see  Table  2). 

The  carbohydrates  with  the  largest  molecules  are  the  compound 
sugars,  starches  and  cellulose,  composed  of  great  numbers  of  simple 
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sugars  joined  together.  Since  the  exact  number  of  sugar  molecules  joined 
to^make  starch  is  unknown,  the  formula  for  starch  may  be  wri  t 
(CrH,0Or,)x,  where  *  stands  for  the  unknown,  large  number  of  simple 
sugars  which  combine  to  make  the  starch  molecule.  Starches  vary  in  the 
number  and  kind  of  sugar  molecules  they  contain,  and  are  <=om“°" 
constituents  of  both  plant  and  animal  protoplasm.  Animal  starch,  which 
is  slightly  different  from  plant  starch,  is  called  glycogen.  Carbohydrates 
are  stored  in  plants  as  starches  and  in  animals  as  glycogen,  because 
these  molecules  are  too  large  to  dialyze  through  the  semipermeable 
membrane  around  the  cell.  Readily  convertible  into  glucose,  glycogen 
serves  as  an  excellent  storage  mechanism.  Most  of  it  remains  in  the 
liver,  although  some  stays  in  the  muscles,  and  in  these  places  it  is  con¬ 
verted  as  needed  into  glucose  and  carried  by  the  blood  to  other  parts 
of  the  body.  Glucose  could  not  be  stored  in  a  cell  as  such  because  it 
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Glycerine  8  fatty  acids 

Fig.  5.  Structural  formula  of  a  molecule  of  tristearin,  a  fat  found  in  beef  tallow. 


would  tend  to  diffuse  out.  Most  plant  cells  have  a  strong  supporting 
outer  wall  of  cellulose,  an  insoluble  compound  sugar  resembling  starch 
in  that  it  is  made  of  many  glucose  molecules.  Chemical  compounds  of 
cellulose  are  extremely  important  commercially;  explosives,  rayon,  cellu¬ 
loid,  certain  plastics,  photographic  film  and  varnishes  are  a  few  of  the 
commercial  products. 

The  chief  role  of  carbohydrates  in  protoplasm  is  that  of  a  readily 
available  fuel  which  supplies  heat  and  energy.  Glucose  is  oxidized  or 
“burned,”  yielding  water,  carbon  dioxide  and  energy: 


CeH1206  -f-  6O2 


6II2O  -j-  6C02  -j-  energy 


To  a  slight  extent,  carbohydrates  may  enter  into  the  structure  of 
protoplasm  and  thus  serve  as  building  material  as  well  as  fuel 

Fat*.  True  fats  are  also  composed  of  carbon,  hydrogen  and  oxygen 
but  have  much  less  oxygen  in  proportion  to  the  carbon  and  hydrogen 
an  carbohydrates.  A  fat  common  in  beef  tallow  is  tristearin, 

(f*  F'K- ■ 5)  •  Each  molecule  of  fat  is  composed  of  one  mole¬ 
cule  of  glycerol  and  three  molecules  of  some  fatty  acid.  (Tristearin  has 
three  molecules  of  stearic  acid,  Cl8H,602.)  The  significant  of  this 
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will  become  clear  in  our  study  of  digestion,  when  we  find  that  fats 
must  be  broken  into  their  constituents,  glycerine  and  fatty  acids,  before 
they  can  be  absorbed.  All  fats  contain  glycerine,  but  they  differ  in  the 
kind  of  fatty  acid  attached  to  it. 

The  fats,  like  carbohydrates,  serve  as  fuel  in  the  body.  However,  they 
constitute  a  reserve  supply  of  energy  and  are  used  only  after  the  supply 
of  carbohydrates  has  been  exhausted.  Fats  yield  more  than  twice  as 
much  energy  per  gram  as  carbohydrates  and  thus  are  a  more  economical 
form  for  the  storage  of  food  reserves.  But  they  are  not  so  readily  oxi¬ 
dized  to  release  energy,  so  that  the  body  needs  two  storage  mechanisms: 
glycogen,  which  is  readily  changed  into  glucose  and  oxidized,  thus  serv¬ 
ing  as  a  source  of  energy  between  meals;  and  fats,  which  are  a  more 
permanent  storage  compound,  drawn  upon  only  after  the  glycogen  has 
been  used  up.  Carbohydrates  can  be  transformed  by  the  body  into  fats 
and  stored — a  restatement  of  the  generally  known  fact  that  starches 
and  sugars  are  fattening.  To  some  extent,  the  reverse  may  occur:  fats 
or  parts  of  the  fat  molecule  may  be  converted  into  glucose. 

Fats  are  a  more  important  structural  element  of  the  body  than  are 
carbohydrates.  The  plasma  membrane  around  each  cell  contains  fatty 
substances  as  an  important  constituent,  and  the  myelin  sheath  around 
the  nerve  fibers  is  made  of  fats.  Fat  is  deposited  in  large  amounts  just 
under  the  skin,  where  it  serves  as  an  insulator  against  the  loss  of  body 
heat.  Whales,  which  live  in  cold  water  and  have  no  insulating  hair,  have 
an  especially  thick  layer  of  fat  (blubber)  just  under  the  skin  for  this 
purpose.  A  certain  amount  of  subcutaneous  fat  in  man  is  necessary  to 
keep  the  skin  firm. 

Besides  the  true  fats,  a  number  of  related  fatlike  substances  have 
properties  similar  to  them,  but  contain  other  things  in  addition  to  fatty 
acids.  One  of  these,  the  phospholipids,  is  an  important  component  of 
nerves. 

Proteins.  The  proteins  are  compounds  containing  carbon,  hydrogen, 
oxygen,  nitrogen  and  usually  sulfur  and  phosphorus,  in  which  the  char¬ 
acteristic  element  is  nitrogen.  Proteins  are  always  present  in  protoplasm 
and  are  much  more  important  as  its  raw  material  than  are  carbohy¬ 
drates  or  fats. 

Proteins  are  extremely  complex  substances,  their  molecules  being  by 
far  the  largest,  most  complicated  and  most  varied  of  all  the  components 
of  protoplasm.  Thousands  of  atoms  are  present  in  each  molecule  of  a 
protein.  A  typical  protein,  of  great  importance  to  the  human  body,  is 
hemoglobin,  the  material  responsible  for  the  color  of  red  blood  cells. 
Some  idea  of  the  complexity  of  the  hemoglobin  molecule  can  be  gained 
from  its  formula:  Cao32H48ifi087oN780S8Fe4.  (Fe  is  the  symbol  for 
iron.) 

Proteins  are  made  of  simpler  components,  known  as  amino  acids. 
At  present,  thirty-five  different  amino  acids  have  been  found  as  the 
result  of  the  chemical  breakdown  of  proteins;  the  existence  of  twenty- 
five  of  these  has  been  confirmed  by  further  investigations.  Since  each 
protein  contains  perhaps  hundreds  of  amino  acids  combined  in  various 
proportions,  there  is  an  almost  infinite  variety  of  proteins.  Not  all  pro¬ 
teins  contain  all  the  possible  amino  acids;  some  have  only  a  few  types. 
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There  is  a  great  variety  of  proteins  in  each  person,  and  probably  each 
organ  has  a  number  of  proteins  peculiar  to  it.  Finally,  it  is  believed  that 
every  species  of  plant  and  animal  has  certain  proteins  in  its  protoplasm 
different  from  those  of  any  other  species.  The  degree  of  difference  in  the 
proteins  of  two  species  depends  upon  the  evolutionary  relationship  of 
the  forms  involved.  Organisms  less  closely  related  by  evolution  have 
proteins  which  differ  more  markedly.  Investigations  of  the  similarities 
and  dissimilarities  of  the  proteins  of  organisms  have  been  useful  in 
studies  of  evolution  and  have  added  strong  confirmatory  evidence  to 
ideas  of  evolutionary  relationships  derived  from  other  facts.  This  gen¬ 
eralization  is  known  as  the  theory  of  species  specificity:  the  protoplasm 
of  each  species,  due  to  its  constituent  proteins,  is  specific  for  the  species, 
differing  at  least  slightly  from  that  of  related  species  and  markedly 
from  that  of  more  distantly  related  species.  Because  of  this,  grafts  of 
tissue  taken  from  one  species  of  animal  usually  will  not  grow  when  im- 
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tig.  6.  The  structural  formula  of  glycine,  the  simplest  amino  acid,  showing,  a,  the  amino 

group  and,  b,  the  acid  (carboxyl)  group. 


planted  into  a  host  of  a  different  species,  but  degenerate  and  are  re¬ 
sorbed  by  the  host. 

Ihe  structural  units  of  proteins,  the  amino  acids,  differ  in  the  number 
and  arrangement  of  their  constituent  atoms,  but  all  contain  an  amino 
group  (MI2)  and  an  acid  group  (COOII) ,  whence  their  name  (Fig. 
0).  Ihe  amino  group  enables  the  amino  acid  to  act  as  an  alkali  and 
combine  with  acids;  the  acid  group  enables  it  to  act  as  an  acid  and 
combine  with  alkalis.  Amino  acids  are  linked  together  to  form  proteins 
jy  a  connection  between  the  amino  group  of  one  and  the  acid  group  of 
another.  Pure  amino  acids  derived  from  proteins  have  a  sweet  taste 
When  proteins  are  eaten,  they  are  broken  up  into  amino  acids  in  the 
(  lgestive  tract  before  they  can  be  absorbed  into  the  blood  stream  Thev 
are  then  carried  to  all  parts  of  the  body  to  be  made  into  new  p  'teTn  ^ 

The  large  size  of  the  protein  molecules  causes  them  to  form  colloidal 
solutions  in  water  wh  ch  are  the  had*  nf  11  • ,  ,  colloidal 

Plasm.  When  more  is  known  oftLcheiiltrvo°th  ^  °\  ^ 
plex  substances,  we  shall  be  closer  to  an  nn  d  t  H  e?lljemeIy.  com- 
which  constitute  life  Althono-h  f  •  ^erstandmg  of  the  activities 

chiefly  as  the  structural  Tnroto  **  ^ 

tiona.  constituents  of  enzynres  and  certain'  hor^  Tey  m^be^ed 
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as  fuel  for  the  liberation  of  heat  and  energy.  Most  diets  include  more 
protein  than  is  necessary  for  the  maintenance  of  protoplasm.  The  ex¬ 
cess  amino  acids  lose  their  amino  group  (a  process  called  deamination), 
which  reacts  with  other  substances  to  form  urea,  and  is  excreted;  the 
rest  of  the  molecule,  by  a  rearrangement  of  the  atoms,  may  be  changed 
into  glucose  and  either  used  immediately  as  fuel  or  stored  as  glycogen. 
In  prolonged  fasting,  after  the  glycogen  and  stored  fats  are  exhausted, 
the  proteins  from  protoplasm  itself  may  be  used  as  fuel.  The  evidence 
available  at  present  indicates  that  the  human  body  (and  animal  proto¬ 
plasm  in  general)  can  manufacture  some,  but  not  all,  of  the  amino  acids 
if  the  proper  raw  materials  are  present.  Those  which  cannot  be  built 
by  the  animal  body  must  be  obtained  directly  or  indirectly  from  plants 
as  food.  Plants  can  synthesize  all  the  amino  acids  from  simpler  sub¬ 
stances.  The  amino  acids  which  animals  cannot  synthesize,  but  must 
obtain  from  plants,  are  known  as  “essential  amino  acids.” 

In  summary,  the  carbohydrates,  fats  and  proteins  constitute  the  bulk 
of  protoplasm.  Carbohydrates  and  fats  have  only  a  small  role  in  the 
structure  of  protoplasm,  but  are  important  as  sources  of  fuel;  carbohy¬ 
drates  are  readily  available  fuel;  fats  are  the  more  permanently  stored 
supplies  of  energy.  Proteins  are  most  important  as  structural  and  func¬ 
tional  constituents  of  protoplasm,  but  may  serve  as  fuel  after  deamina¬ 
tion.  The  body  can  convert  each  of  these  substances  into  the  others  to 
some  extent;  its  ability  to  manufacture  proteins  from  carbohydrates  or 
fats  is  limited. 


III.  CHARACTERISTICS  OF  LIVING  THINGS 

Various  biologists,  experimenting  to  understand  the  nature  of  life, 
have  drawn  up  lists  of  characteristics  which  all  living  things  seem  to 
exhibit.  Although  there  is  not  complete  agreement  about  every  quality 
or  capacity  suggested,  the  following  are  generally  accepted  as  the  dis¬ 
tinguishing  features  of  life;  that  is  to  say,  all  known  living  organisms 
have  all  these  qualities,  but  nonliving  objects,  though  they  may  exhibit 
one  or  two,  never  have  all  of  them.*  We  may  say,  then,  that  to  metab¬ 
olize,  to  move,  to  grow,  to  reproduce,  to  adapt  to  the  environment, 
and  to  have  organization  is  to  be  alive.  Specific  and  definite  as  this  list 
seems,  the  line  between  the  living  and  the  nonliving  is  tenuous  in  some 
instances;  and  with  certain  borderline  organisms,  such  as  viruses,  it  is 
difficult  to  determine  whether  life  is  present  or  not. 

Most  present-day  biologists  agree  that  vital  phenomena,  though  more 
complex,  are  reducible  to  the  same  basis  as  nonliving  phenomena,  that 
both  are  explainable  in  terms  of  chemistry  and  physics.  This  is  called 
the  mechanistic  theory.  A  corollary  of  this  view  is  that  if  we  knew  every¬ 
thing  about  the  chemistry  and  physics  of  vital  phenomena,  we  would 
be  able  to  synthesize  life.  An  opposing  school  of  thought,  vitalism,  states 
that  some  unique  force,  not  reducible  to  the  terms  of  chemistry  and 
physics,  controls  the  activities  of  life  and  differentiates  living  from  non¬ 
living  things.  Vitalists  believe  that  no  matter  how  great  our  knowledge 

*  For  example,  crystals  in  a  saturated  solution  may  “grow”;  certain  nonliving  objects 


move. 
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of  the  physics  and  chemistry  of  protoplasm  may  be,  we  shall  never  un¬ 
derstand  life  or  be  able  to  create  it  artificially.  . 

4.  Metabolism.  Correlated  with  the  fact  that  the  chemical  substances 
present  in  protoplasm  are  exceedingly  complex  is  the  fact  that  the  chem¬ 
ical  reactions  which  occur  in  protoplasm  are  correspondingly  compli¬ 
cated.  The  sum  of  all  the  chemical  activities  of  protoplasm  which  pro¬ 
vide  for  its  growth,  maintenance  and  repair  is  called  metabolism.  Liv¬ 
ing  protoplasm  is  constantly  altering  by  taking  in  new  substances, 
changing  them  chemically  in  various  ways,  building  new  protoplasm, 
and  changing  the  potential  energy  contained  in  large  molecules  of  pro¬ 
teins,  carbohydrates  and  fats  into  kinetic  energy  and  heat  as  these  su  > 
stances  are  changed  into  other,  simpler  substances.  This  constant  change 
of  energy  is  one  of  the  unique  and  characteristic  processes  of  living 
things.  Some  kinds  of  protoplasm  metabolize  at  a  high  rate;  others,  such 
as  seeds  and  spores,  have  an  extremely  low,  barely  detectable  metabolic 
rate.  Even  within  a  particular  species  or  person  metabolism  may  vary, 
depending  upon  such  factors  as  age,  sex  and  general  health,  amount  of 
endocrine  secretion,  and  pregnancy. 

The  chemical  reactions  characteristic  of  life  may  be  divided  into  two 
main  phases.  The  term  anabolism  refers  to  those  chemical  processes  in 
which  simpler  substances  are  united  to  form  more  complex  substances, 
resulting  in  the  storage  of  energy  and  the  manufacture  of  new  protoplasm 
and  growth.  Catabolism  refers  to  the  breaking  down  of  the  complex  sub¬ 
stances  resulting  in  the  release  of  energy  and  the  wearing  out  and  using  up 
of  protoplasm.  Both  types  of  change  occur  continuously;  indeed,  life  proc¬ 
esses  are  an  intricate  combination  of  the  two.  Complex  compounds  are 
often  broken  down  and  then  the  parts  recombined  in  new  ways  to  form 
different  substances.  The  interconversion  of  fats,  proteins  and  carbohy¬ 
drates  would  be  examples  of  combined  catabolism  and  anabolism.  In 
young  organisms  during  the  growth  period,  anabolism  exceedes  catab¬ 
olism;  at  maturity,  the  two  are  just  about  equal;  in  old  age,  catabolism 
exceeds  anabolism. 

Both  plant  and  animal  metabolism  have  anabolic  and  catabolic  phases. 
Plants,  however  (with  some  exceptions)  ,  have  the  abilitv  to  manufacture 
their  own  organic  compounds  out  of  inorganic  materials  in  the  soil  and 
air;  animals  depend  on  plants  for  food. 

5.  Catalysis.  Chemists  have  been  able  to  duplicate  a  few  of  the 
metabolic  reactions,  usually  by  means  of  high  temperatures,  high  pres¬ 
sures.  acids  or  alkalis — agents  which  protoplasm  cannot  use  to  effect 
metabolic  changes,  since  it  would  be  destroyed  bv  them.  In  nature  the 
various  chemical  reactions  are  brought  about  by  special  agents  called 
enzymes.  I  hese  belong  to  the  group  of  substances  known  as  catalysts 

Jll"  ft  Spee-d  Which  a  chemical  re&ction  occurs  without 
themselves  taking  part  in  the  reaction  or  being  consumed  as  a  result  of 

Thus  nnreT  Sl!  a  “  may  be  a  catalyst.  Water  is  an  excellent  one. 
Thus  pure,  dry  hydrogen  gas  and  chlorine  gas  may  be  mixed  together 
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catalyst,  namely,  protein  catalysts  produced  by  living  cells.  Every  plant 
and  animal  cell  contains  hundreds  of  different  enzymes,  each  of  which 
catalyzes  a  particular  reaction.  Most  enzymes  control  a  single  reaction 
under  one  set  of  conditions,  and  exactly  the  opposite  reaction  under 
another  set.  For  example,  one  plant  cell  enzyme  changes  starch  to  sugar 
at  low  temperatures  and  sugar  to  starch  at  higher  temperatures.  Most 
enzymes  remain  and  perform  their  functions  within  the  cell  where  they 
were  synthesized,  but  a  few — notably  those  concerned  in  digestion — 
operate  outside  the  cell  of  their  origin. 

Little  was  known  of  enzymes  until  the  latter  part  of  the  nineteenth 
century,  when,  after  a  prolonged  argument  between  Louis  Pasteur  and 
a  German  named  Liebig  as  to  whether  or  not  they  were  living  things, 
another  German,  Buchner,  extracted  an  enzyme  from  yeast.  He  found 
that  the  liquid  filtered  off  from  crushed  yeast  cells  would  change  starch 
to  sugar  as  the  living  yeast  would.  Because  he  was  unable  to  identify 
the  active  chemical  substance  in  his  filtrate  he  called  it  an  enzyme  (“in 
yeast”) .  Since  then  many  other  enzymes  have  been  identified  and  much 
has  been  learned  of  enzymatic  activity. 

Most  enzymes  are  soluble  in  water  and  under  proper  conditions  may 
be  removed  from  cells.  By  careful  evaporation  they  may  be  obtained  in 
the  dry  state  and  kept  for  long  periods  of  time  while  retaining  their 
ability  to  catalyze.  They  act  over  only  a  limited  range  of  temperature, 
and  most  are  destroyed  by  boiling.  They  are  also  sensitive  to  the  pres¬ 
ence  of  acids  and  alkalis.  About  thirty-five  enzymes  have  been  isolated 
as  pure  crystalline  substances  so  far,  and  all  have  proved  to  be  proteins; 
probably  all  enzymes  are  proteins.  Enzymes  are  named  by  the  type  of 
chemical  reaction  they  catalyze.  Proteolytic  enzymes  break  down  (and 
probably  build  up)  proteins;  hydrolytic  enzymes  break  down  substances 
by  making  them  combine  with  water,  or  build  up  substances  by  re¬ 
moving  a  molecule  of  water  from  two  simpler  molecules.  Two  molecules 
of  glucose  (CfiHjoOo)  may  be  combined  by  the  removal  of  a  molecule 
of  water  to  form  a  single  molecule  of  sucrose,  C12H22O11  •  Enzymes  are 
not  living,  but  are  indispensable  to  protoplasm  because  they  enable  it 
to  metabolize  under  conditions  of  temperature,  pressure  and  acidity 
which  do  not  destroy  it.  Almost  without  exception,  the  chemical  reac¬ 
tions  fundamental  to  movement,  growth,  reproduction,  irritability  and 

adaptation  are  controlled  by  enzymes. 

6.  Movement.  Obvious  movement  by  the  higher  animals  is  not  the 
only  kind  which  occurs  in  the  world  of  life.  The  motion  of  plants  and 
some  of  the  lower  animals  may  be  visible  only  when  magnified  by  the 
microscope,  but  it  is  going  on  constantly.  All  life  exhibits  it,  even  though 
in  some  simple  organisms  it  is  restricted  to  the  streaming  of  protoplasm 

inside  the  cell.  .  .  . 

7.  Growth.  Growth,  another  characteristic  of  living  things,  is  reallv 

the  result  of  anabolism.  An  increase  in  the  size  of  an  animal  or  plant 
may  be  produced  by  an  increase  in  either  the  size  or  number  of  the  fun¬ 
damental  units  of  protoplasm  (cells)  .  Some  organisms  most  trees.  ^or 
example — will  grow  indefinitely.  But  most  animals  have  a  definite 
growth  period  which  terminates  in  a  particular  adult  size  characteristic 

of  the  species. 
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8.  Reproduction.  That  living  organisms  are  further  differentiated 
from  nonliving  things  by  their  ability  to  reproduce  their  kind  is  ex¬ 
pressed  by  one  of  the  fundamental  tenets  of  biology:  “All  life  comes  only 
from  living  things.”  For  centuries  it  was  generally  believed  that  many 
types  of  life  could  arise  spontaneously  from  nonliving  things  that  frogs 
and  rats  arose  each  spring  from  the  mud  of  the  Nile,  for  example.  1  he 
classical  experiment  disproving  the  idea  of  the  spontaneous  generation 
of  life  was  performed  by  the  Italian,  Francesco  Redi,  about  1080.  It  was 
generally  believed  at  the  time  that  maggots  came  from  decaying  meat. 
Redi  proved  that  they  did  not  by  the  following  simple  experiment.  He 
placed  a  piece  of  meat  in  each  of  three  jars.  One  of  the  jars  was  left 
uncovered,  one  was  covered  with  fine  gauze,  and  the  third  was  covered 
with  parchment.  All  three  pieces  of  meat  decayed.  Maggots  appeared  on 
the  meat  in  the  uncovered  jar,  a  few  maggots  appeared  on  the  gauze  of 
the  second  jar,  but  not  on  the  meat,  and  no  maggots  were  found  on  the 
meat  covered  with  parchment.  Redi  demonstrated  that  the  maggots 
did  not  come  from  the  decaying  meat,  but  hatched  from  eggs  laid  by 
blow  flies  attracted  by  the  smell  of  the  decaying  meat.  The  gauze  cov¬ 
ering  permitted  the  odor  of  decay  to  escape  and  attract  the  flies,  which 
laid  their  eggs  on  the  gauze.  Further  observations  showed  that  the  mag¬ 
gots  developed  into  flies  which  in  turn  laid  more  eggs. 

With  the  discovery  of  bacteria  the  question  of  the  spontaneous  origin 
of  these  tiny  organisms  was  raised.  Many  experiments  were  performed 
before  Pasteur  finally  demonstrated  that  bacteria,  too,  come  only  from 
previously  existing  bacteria.  The  comparatively  recent  discovery  of  the 
extremely  small  filterable  viruses  has  suggested  to  some  biologists  that 
perhaps  these  organisms  arise  from  nonliving  material.  Although  the 
question  has  not  been  settled,  most  biologists  believe  that  even  the 
viruses  come  only  from  previously  existing  viruses. 

9.  Adaptation.  The  ability  of  plants  and  animals  to  adapt  to  their 
environment  is  the  characteristic  which  enables  them  to  remain  alive 
through  the  exigencies  of  a  changing  world.  Adaptation  depends  upon 
the  irritability  of  protoplasm,  its  ability  to  receive  stimuli  of  various 
kinds  from  its  surroundings.  The  stimuli  may  be  thermal,  electrical, 
chemical  or  mechanical,  but  the  kind  of  response  depends  upon  the  prop¬ 
erties  of  the  protoplasm  stimulated.  Sometimes  an  organism  adapts 
simply  by  moving  away  from  a  harmful  stimulus.  Tf  the  tiny  single- 
celled  organisms  known  as  paramecia  (Fig.  85)  are  placed  in  a  tube 
of  water  heated  at  one  end  and  iced  at  the  other,  the  animals  will  adapt 
by  moving  to  the  center  of  the  tube.  They  do  this,  not  by  any  rational 
process,  but  by  trial  and  error,  moving  in  one  direction  until  some  unfa¬ 
vorable  condition  is  encountered,  then  backing  up  and  going  in  a  dif¬ 
ferent  direction. 

Plants  cells  also  are  sensitive  to  changes  in  their  environment,  al¬ 
though  their  responses  are  not  always  so  apparent  as  those  of  animals. 
The  flowing  of  protoplasm  in  the  plant  cell  may  be  speeded  up  or 
stopped  by  external  changes.  A  few  plants,  such  as  the  Venus  flvtrap. 
which  grows  in  many  swamps,  have  a  remarkable  sensitivity  to  touch 
and  catch  insects.  Their  leaves  are  hinged  along  the  midrib  (Fm  7^ 
and  the  edges  of  the  leaves  are  covered  with  hairs.  When  an  insect  lights 
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Fig  7.  Photograph,  showing  a  leaf  of  the-  Venn,  flytrap  catching  and  digesting 
(Copyrighted  by  the  General  Biological  Supply  House,  Chicago.) 


a  fly. 


Protoplasm 

on  the  leaf,  the  edges  come  together  after  a  few  seconds  and  the  hairs 
interlock  to  prevent  its  escape.  The  leaf  then  secretes  substances  which 
kill  and  digest  the  insect.  The  development  of  this  tty-trapping  mech¬ 
anism  is  an  adaptation  to  the  fact  that  the  soil  in  which  the  plant  grows 
is  poor  in  nitrogen.  These  plants  obtain  part  of  their  nitrogen  from  the 
prey  they  “eat.” 

10.  Specific  Organization.  Because  living  things  are  not  homogeneous 
throughout  their  structures,  but  are  made  of  different  parts,  each  with 
special  functions,  specific  organization  is  one  of  their  outstanding  char¬ 
acteristics.  The  individual  units  are  systematically  coordinated  to  form 
a  complete,  active  organism.  The  bodies  of  the  higher  animals,  including 
man,  are  organized  in  a  series  of  increasingly  complex  levels:  cells  are 
organized  into  tissues,  tissues  into  organs,  and  organs  into  organ  sys¬ 
tems.  The  organization  of  plants  differs  in  detail,  but  is  similar  in 
principle. 


QUESTIONS 

1.  Explain  why  water  is  essential  to  protoplasm. 

2.  State  the  particular  functions  in  the  body  of  the  three  main  types  of  protoplasmic 
organic  compounds. 

3.  Why  can  we  be  sure  that  the  first  living  things  were  plants  and  not  animals? 

4.  What  is  the  importance  of  enzymes  in  the  body? 

5.  Discuss  the  characteristics  of  living  things.  Can  you  think  of  any  which  should  be 
added  to  the  list?  Any  which  do  not  seem  essential? 

6.  Are  you  inclined  to  believe  the  vitalistic  or  the  mechanistic  theory?  Why? 
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CELLS  AND  TISSUES 


I.  CELLS 


THE  PROTOPLASM  of  the  human  body  and  of  all  plants  and  animals  is 
nowhere  present  in  a  single  large  mass,  but  exists  in  tiny  discrete 
portions  called  cells.  These  are  the  units  of  structure  of  the  body,  just 
as  bricks  may  be  the  units  of  structure  of  a  house.  But  they  are  more 
than  mere  building  blocks;  each  is  an  independent,  functional  unit,  and 
the  processes  of  the  body  are  the  sum  of  the  coordinated  functions  of 
its  cells.  The  units  vary  considerably  in  size,  shape  and  function.  Some 
plants  and  animals  have  bodies  made  of  just  a  single  cell;  others,  such 
as  a  man  or  an  oak  tree,  are  made  of  countless  billions  fitted  together. 
The  term  “cell”  was  first  used  in  1665  by  Robert  Hooke,  in  his  ac- 
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Fig.  8.  Diagrams  of  a  typical  animal  cell,  A,  and  plant  cell,  B. 


count  of  a  study  made  with  the  newly  invented  microscope.  He  applied 
the  term  originally  to  the  tiny,  boxlike  cavities  he  observed  in  a  piece 
of  cork.  Now  we  know  that  what  he  saw  were  the  walls  of  dead  cells,  and 
that  the  important  part  of  the  cell  is  its  contents.  In  1839  a  Czech, 
Purkinje,  introduced  the  term  protoplasm  for  the  living  contents  of  the 
cell.  About  the  same  time  two  Germans,  Schleiden,  a  botanist,  and 
Schwann,  a  zoologist,  formulated  the  generalization  since  known  as  the 
cell  theory:  the  bodies  of  all  plants  and  animals  are  composed  of  cells 
which  are  the  fundamental  units  of  life.  These  men  were  in  error  about 
a  number  of  details,  but  their  generalization  has  been  proved  correct. 
Such  a  statement  was  possible  only  after  years  of  microscopic  obser¬ 
vation. 

Although  cells  vary  in  many  aspects,  they  all  have  several  features 
in  common  (Fig.  8) : 

(a)  Cells  are  completely  encircled  and  enclosed  by  a  plasma  mem¬ 
brane,  which  is  made  of  protoplasm  and  is  a  living,  functional  part  of 

34 


35 


Cells  and  Tissues 

the  cell,  extremely  important  in  regulating  its  contents.  All  food  entering 
the  cell  and  all  waste  products  or  secretions  leaving  it  must  pass  through 
this  membrane.  Nearly  all  plant  cells  (but  not  most  animal  cells)  have 
a  thick  cell  wall  made  of  cellulose,  outside  of  and  in  addition  to  the 
plasma  membrane.  This  cell  wall  is  generally  regarded  as  nonliving,  a 
secretion  of  the  protoplasm.  The  cell  wall  is  pierced  in  many  places  by 
tiny  holes,  through  which  the  protoplasm  of  one  cell  connects  with  that 
of  the  adjacent  cells.  Through  these  perforations,  materials  can  pass 
from  one  cell  to  another.  The  cell  walls  are  important  in  providing  the 
body  of  the  plant  with  support. 

( b )  Each  cell  contains  a  small,  usually  spherical,  body  known  as  the 
nucleus.  In  some  cells  this  has  a  fixed  position,  usually  near  the  center; 
in  others  it  may  move  around  freely.  The  nucleus  is  the  controlling  cen¬ 
ter,  directing  cellular  activity  and  containing  the  factors  responsible  for 
the  inheritance  of  the  traits  of  the  animal  or  plant.  The  protoplasm  of 
the  nucleus  is  called  nucleoplasm.  If  a  cell  is  cut  in  half  with  a  microdis¬ 
section  apparatus,  so  that  one  half  contains  the  nucleus  and  the  other 
half  lacks  it,  the  half  with  the  nucleus  continues  to  live,  but  the  anu- 
cleate  fragment  invariably  dies. 

Ilammerling,  using  the  single-celled  plant,  Acetabularia,  performed 
some  interesting  experiments  demonstrating  the  importance  of  the  nu¬ 
cleus  in  controlling  the  growth  of  the  cell.  This  marine  alga,  which  may 
be  as  large  as  5  cm.,  superficially  resembles  a  mushroom,  having  a  stalk 
and  roots,”  surmounted  by  a  large,  disc-shaped  umbrella.  The  whole 
plant  is  one  cell  and  has  only  one  nucleus,  located  near  the  base  of  the 
stalk.  Ilammerling  cut  the  stem  (Fig.  9)  and  found  that  the  lower  part 
could  regenerate  an  umbrella  and  live.  The  umbrella  part,  which  had  no 
nucleus,  lived  for  a  considerable  time,  but  eventually  died  without  being 
able  to  regenerate  the  lower  part.  In  a  second  type  of  experiment,  Ham- 
merling  first  cut  off  the  nucleus  from  the  stem  (cut  1,  Fig.  9),  then 
removed  the  umbrella  from  this  fragment  (cut  2),  isolating  a  piece  of 
stem.  This  section  was  able  partially  or  completely  to  regenerate  the 
umbrella.  When  this  second  umbrella  was  cut  off  (cut  3),  the  stem  was 
unable  to  regenerate  aether  umbrella.  These  and  similar  experiments 

the.  "“c!«us  slves  °ff  a  substance  necessary  for  umbrella 
egencration,  which  diffuses  up  the  stem.  After  cuts  1  and  2  some  of  this 
substance  remained  in  the  stem,  although,  of  course,  the  stem  received 
no  additional  material  from  the  nucleus.  This  substance  is  exhausted  in 

ste°mUsonfhatethe  1  "u  diffuses  °l,t  °f  the  c,,t  ends  o! 

,  that  the  latter  is  unable  to  regenerate  a  second  umbrella  if  the 

d  ,cVS  TTt.  (Cl!‘  S)  '  ™S  is  one  of  the  barest  examples  of  the  n!' 
"iy  tl,c  m1lc,eus  of  a  substance  which  regulates  cell  growth 

and  o^oVtKleur-  “  **  C°nStant  ^  of  materiahTn 

(d)  In  a  living  cell  the  protoplasm  of  the  nucleus  usuallv 
homogeneous,  but  when  the  cell  has  been  killed  and  staged  a  TT* 
of  structures  are  visible.  Running  irregularly  throlh  VhT’  i  mher 
strands  of  chromatin.  a  substance  which  has  a 
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dyes,  and  stains  deeply.  At  the  time  of  cell  division  these  chromatin 
threads  form  the  chromosomes,  rod-shaped  bodies  which  bear  the  hered¬ 
itary  units,  the  genes.  The  nucleolus  is  a  spherical  body  found  within 


the  nucleus.  It  is  extremely  variable  in  some  cells,  appearing  and  dis¬ 
appearing,  changing  its  form  and  structure.  The  nucleus  may  contain 
one  or  more  of  these.  The  function  of  the  nucleolus  is  not  veil  under 
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stood;  apparently,  it  has  something  to  do  with  cell  division,  since  it  dis¬ 
appears  during  that  process  and  reappears  afterwards. 

(e)  The  protoplasm  outside  the  nucleus  is  called  cytoplasm.  In  some 

cells _ for  example,  in  the  single-celled  animal,  Ameba — the  cytoplasm 

has  two  more  or  less  distinct  parts:  an  outer,  clear  ectoplasm,  and  an 
inner,  granular  endoplasm.  In  most  cells  this  division  is  not  visible.  I  he 
cytoplasm  contains  specialized  structures  to  perform  specific  functions. 
Some  of  these  inclusions  are  centrioles,  plastids,  mitochondria  and  Golgi 


bodies. 

Within  the  cytoplasm  of  animal  cells,  lying  near  the  nucleus,  is  a 
small,  dark-staining  inclusion,  the  centriole.  The  cells  of  higher  plants 
lack  these  bodies,  although  the  lower  plants  have  them.  The  centriole 
is  active  at  the  time  of  cell  division  (see  Chap.  23) ,  but  it  cannot  be 
absolutely  essential  for  cell  division,  since  plant  cells  divide  without  it. 

All  plants,  except  fungi,  have  small  protein  bodies  called  plastids  in 
the  cytoplasm.  One  type  of  plastid,  called  a  chloroplast,  contains  the 
pigment  chlorophyll,  which  is  responsible  for  the  green  color  of  plants 
and  is  of  paramount  importance  in  the  manufacture  of  food.  A  second 
type  of  plastid  are  colorless  bodies,  the  ieukoplasts,  which  are  believed 
to  act  as  centers  for  the  storage  of  materials  in  the  cytoplasm.  A  third 
type,  chromoplasts,  may  be  any  color  and  are  responsible  for  the  color 
of  flowers  and  fruits. 

Almost  all  cells  have  in  their  cytoplasm  tiny  bodies,  known  as  mito¬ 
chondria,  which  may  appear  as  threads,  granules  or  rods.  These  bodies 
may  rapidly  change  their  size,  appearance  and  position  in  the  cell,  usu¬ 
ally  being  most  numerous  in  the  part  of  the  cell  with  the  highest  met¬ 
abolic  rate.  They  are  believed  to  consist  of  phospholipids  and  proteins 
and  to  be  concerned  with  the  regulation  of  the  oxidation  rate  in  the  cell. 


In  plants,  mitochrondria  are  found  in  clusters  at  the  point  of  formatioi 
of  the  plastids  and  are  believed  to  be  involved  either  directly  or  indi 
icctly  with  the  formation  of  those  bodies.  Mitochondria  can  be  recog 
nized  by  the  fact  that  they  are  stained  selectively  by  a  particular  stain 
Janus  green. 

Golgi  bodies,  another  type  of  living  inclusion,  are  found  in  the  cyto 
plasm  of  all  cells  except  mature  sperm  and  red  blood  cells,  and  are  be 
heved  to  be  necessary  for  the  synthesis  of  proteins,  especially  enzvmes 
I  hey,  too,  may  appear  as  granules,  threads  or  rods,  or  as  canals,  anc 
are  distinguished  from  mitochondria  by  the  fact  that  they  stain  witl 
neutra  red  instead  of  Janus  green.  Dr.  Beams,  using  the  ultracentrifuge 
showed  that  mitochondria  are  heavier  than  protoplasm  and  that  Gofg 
bodies  are  lighter.  6 

iH^fi'n08)  the.!e  liV'"g  elTents’  cytoplasm  may  contain  vacuoles  or  cav 

from  he  cvto  ?  ""'^v  ‘!"d  seParated  by  a  vacuolar  membra,,, 

i  the  cytoplasm.  Vacuoles  are  common  in  the  cells  of  nlnnfc 

ower  animals,  but  rare  in  those  of  higher  organisms  Mo,? 1, 

have  food  vacuoles,  containing  food  in  the  process  of  hZo  d  TJ 

an,  contractile  vacuoles,  which  pump  excess  water  out  of  the  cel?  Fi 

droplets  „ftSm  may  COnta"’  granules  0t  Stored  starch  or  protein  o, 

There  are  three  main  differences  between  animal  and  plant  cells; 
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animal  cells,  but  not  the  cells  of  higher  plants,  have  a  centriole;  plant 
cells,  but  not  those  of  animals,  have  plastids  in  the  cytoplasm;  and  plant 
cells  have  a  stiff  cell  wall  of  cellulose  which  prevents  their  changing 
position  or  shape,  while  animal  cells  usually  have  only  the  thin  plasma 
membrane  and  thus  are  able  to  move  and  alter  in  shape. 

All  cells  show  certain  basic  similarities  in  their  metabolism.  They  all 
carry  on  oxidation,  breaking  down  glucose  and  other  compounds  to  re¬ 
lease  energy,  and  they  all  build  up  protoplasm  and  manufacture  certain 
basic  cell  enzymes.  Superimposed  on  these  basic  functions,  common  to 
all  of  them,  may  be  certain  other  activities  peculiar  to  a  particular  type: 
thyroid  gland  cells  manufacture  thyroxin,  cells  in  the  lining  of  the  stom¬ 
ach  produce  pepsin,  muscle  ceils  contract,  and  so  on. 

To  study  the  details  of  cell  structure,  bits  of  tissue  must  be  killed, 
cut  in  thin  sections  with  a  mechanical  device  known  as  a  microtome,  and 
stained  with  dyes.  Since  the  nucleus,  cytoplasm,  mitochondria,  Golgi 
bodies  and  other  parts  are  chemically  different,  they  combine  with  dif¬ 
ferent  stains.  The  stained  slices  of  tissue  are  then  mounted  on  glass 
slides,  covered  with  another  piece  of  glass  and  observed  under  the  mi¬ 
croscope.  In  the  last  thirty  years  many  new  facts  about  cell  function  and 
structure  have  been  discovered  by  observing  and  photographing  tissue 
cultures.  The  method  of  making  tissue  cultures  consists  in  preparing 
and  sterilizing  a  special  nutritive  material  and  then  placing  it  in  a  small 
cavity  in  a  sterile  glass  slide.  With  it  is  placed  a  bit  of  living  tissue,  and 
the  solution  is  sealed  under  a  piece  of  glass.  The  tissue  will  live  in¬ 
definitely  if  the  medium  is  renewed  and  oxygen  is  supplied;  cells  from  a 
chick’s  heart  have  been  kept  alive  in  a  New  York  laboratory  since  1912. 
Apparently  cells  in  tissue  culture  do  not  grow  old.  1  hose  from  a  sarcoma 
(a  type  of  cancer)  grow  with  unusual  vigor  in  tissue  culture,  and  they 
grow  more  rapidly  in  the  blood  plasma  of  a  healthy  person  than  in  that 
from  an  animal  with  sarcoma.  It  appears  that  the  sarcoma  cells  in  the 
body  stimulate  some  of  the  healthy  cells  to  manufacture  a  substance 
which  inhibits  the  malignant  growth  to  some  extent.  A  recent  advance 
in  the  technique  of  tissue  culturing  is  the  invention  of  devices  such  as 
the  Lindbergh-Carrel  mechanical  heart  for  the  circulation  of  fresh 
medium  and  oxygen  to  the  growing  tissue  without  breaking  the  sterile 
seal.  The  medium  consists  of  blood  plasma,  an  extract  of  embryonic 
tissues  and,  sometimes,  added  vitamins  and  other  chemicals. 


II.  ANIMAL  TISSUES 

When  numbers  of  similar,  specialized  cells  are  grouped  together,  they 
are  able  to  perform  complex  functions  and  are  known  as  tissues.  It  is 
important,  however,  to  remember  that  tissues  may  consist  of  more  than 
living  cells.  Connective  and  vascular  tissues,  for  example,  contain  sonic 

nonliving  material  between  the  cells.  .  .  . 

Biologists  differ  in  their  opinions  of  how  the  various  types  of  tissue 
should  be  classified  and,  consequently,  of  how  many  main  types  of  tissue 
there  are.  We  shall  classify  animal  tissues  according  to  six  main  types. 
eDithelial  connective,  muscular,  vascular,  nervous  and  reproductive. 

1  Epithelial  Tissues.  Epithelial  tissues  are  composed  of  cells  which 
form  a  layer  or  sheet  covering  the  body  surface  or  lining  the  body  cavi- 
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ties.  They  have  one  or  more  of  the  following  functions:  protection,  ab¬ 
sorption,  secretion  and  sensation.  The  epithelia  of  the  body  protect  the 
underlying  cells  from  mechanical  injury,  from  harmful  chemicals  and 
bacteria,  and  from  drying.  The  epithelia  lining  the  digestive  tract  ab¬ 
sorb  food  and  water  into  the  body.  Other  epithelia  give  off  a  wide 
variety  of  substances  as  waste  products  or  for  use  elsewhere  in  the  body; 
finally,  since  the  body  is  entirely  covered  by  epithelium,  it  is  obvious 
that  all  sensory  stimuli  must  penetrate  an  epithelium  to  be  received. 
Examples  of  epithelial  tissue  are  the  outer  layer  of  the  skin,  the  lining 
of  the  digestive  tract,  the  lining  of  the  windpipe  and  lungs  and  the 
lining  of  the  kidney  tubules.  Epithelial  tissues  are  divided  into  six  sub- 
types  according  to  their  shape  and  function: 


Fig.  10.  Types  of  epithelial  tissue.  A,  Pavement  epithelium;  B,  cuboidal  epithelium;  C, 
columnar  epithelium;  D,  ciliated  columnar  epithelium;  E,  sensory  epithelium  (cells  from 
the  lining  of  the  nose);  F,  glandular  epithelium:  two  single-celled  glands  (“goblet”  cells) 
in  the  lining  of  the  intestine. 


Pavement  epithelium  cells  are  flattened,  having  the  shape  of  pancakes 
or  flagstones  (Fig.  10,  A).  Such  tissue  occurs  on  the  surface  of  the  skin 
and  the  lining  of  the  mouth,  esophagus  and  vagina.  In  man  and  the 
higher  animals,  pavement  epithelium  usually  occurs  as  several  layers  of 
these  flat  cells  piled  on  top  of  each  other,  a  condition  called  stratified 
pavement  epithelium. 

Cuboidal  epithelium  cells  are  cube-shaped,  resembling  dice  (Fig. 
10,  B) .  Ihis  tissue  lines  the  kidney  tubules  and  the  urinary  bladder. 

Columnar  epithelium  cells  are  elongated,  resembling  pillars  or  columns; 
the  nuclei  are  usually  located  near  the  base  of  the  cell  (Fig.  10,  C)  The 
stomach  and  intestine  are  lined  with  columnar  epithelium. 

Ciliated  epithelium  (Fig.  10,  D) .  Columnar  cells  may  have  on  their 
,  e  .  surface  small  protoplasmic  projections  called  cilia,  which  beat 
rhythmically  and  move  materials  in  one  direction.  Most  of  the  resnira 
tory  system  is  lined  with  ciliated  columnar  epithelium  whose  cilia  beat 

Glandular  epithelium  cells  (Fig.  10,  E)  are  specialized  to  secrete  sub- 
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stances  such  as  milk,  wax  or  perspiration.  They  are  either  columnar  or 
cuboidal  in  shape. 

Sensory  epithelium  cells  (Fig.  10,  F)  are  specialized  to  receive  stim¬ 
uli.  The  cells  lining  the  nose — the  olfactory  epithelium,  responsible  for 
the  sense  of  smell — are  an  example. 

2.  Connective  Tissue.  Connective  tissue,  which  includes  bone,  car¬ 
tilage,  tendons,  ligaments  and  fibrous  connective  tissue,  supports  and 
holds  together  the  other  cells  of  the  body.  The  cells  of  these  tissues 
characteristically  secrete  a  large  amount  of  nonliving  material,  called 
matrix,  and  the  nature  and  function  of  the  particular  connective  tissue 
is  determined  largely  by  the  nature  of  this  intercellular  substance.  The 


A,  FIBROUS  CONNECTIVE  TISSUE 


B,  CARTILAGE 


Morrow  Covity 


Bone  Cells 


Concentric 
Lamellae 

Haversian  Canal 

Section  Magnified 
in  Figure  D. 


C,  BONE  CUT  OPEN  TO  SHOW 
MARROW  CAVITY 


D,  MICROSCOPIC  STRUCTURE 
OF  BONE 


Fig.  11.  Types  of  connective  tissues. 

cells  thus  perform  their  functions  indirectly  by  secreting  a  matrix  which 

does  the  actual  supporting  or  connecting.  , 

In  fibrous  connective  tissue  the  matrix  ts  a  thick  interlacing,  matted 

network  of  fibers  secreted  by  and  surrounding  the  connect^e  1 
cells  (Fig  11,  A).  Such  tissue  occurs  throughout  the  .  * 

skin  t'o  muscle,  keeps  glands  in  position  and  binds  together  many  o  her 
structures.  Tendons  and  ligaments  are  specialized  types  ol  fibrous  con 
nective  tissue.  Tendons  arc  not  elastic  and  connect  muscles  to  each 

other  or  to  bone  Ligaments  are  somewhat  elastic  and  connec  one 

r:noC.  There  fs  an  especially  thick  mat  of  connive  fibers  jus 
ti1P  skin  When  this  is  treated  chemically  (tanned)  it  become, 
leather  It  would  be  possible  to  make  leather  from  human  tissue;  ;  in- 
deed, "n  some  primitive  tribes  it  was  quite  the  thing  to  “tan  the  hide 
of  one’s  enemy  and  make  a  pair  of  gloves. 


41 


Cells  and  Tissues 

In  some  of  the  lower  animals  the  entire  skeleton  is  made  of  cartilage 
or  gristle;  in  higher  animals  most  of  the  cartilage  has  been  replaced  by 
bone.  In  the  human  body,  cartilage  may  be  felt  in  the  supporting  struc¬ 
ture  of  the  ear  flap  (pinna)  and  in  the  tip  of  the  nose.  It  is  firm  yet 
elastic.  Cartilage  cells  secrete  this  hard,  rubbery  matrix  around  them¬ 
selves  and  come  to  lie  in  groups  of  one,  two  or  four,  in  small  cavities  in 
the  homogeneous,  continuous,  matrix  (Fig.  11,  B) .  The  cartilage  cells 
imbedded  in  the  matrix  remain  alive;  some  of  them  secrete  fibers  which 
become  imbedded  in  the  matrix  and  strengthen  it. 


A,  SKELETAL  MUSCLE  FIBERS 


B,  SMOOTH  MUSCLE  FIBERS 


C,  CARDIAC  MUSCLE  FIBERS 
Fig.  12.  Types  of  muscle  tissue. 


Bone  cells  remain  alive  and  secrete  a  bony  matrix  throughout  a  per¬ 
son’s  life.  The  matrix  contains  calcium  salts  and  organic  matter  which 
are  responsible  for  hardness  and  lack  of  brittleness,  respectively,  en- 
ablmg  bone  to  stiffen  and  support  the  body  against  the  pull  of  gravity. 

he  bones  of  elderly  people  have  more  calcium  and  less  organic  matter 
than  those  of  young  people,  and  for  this  reason  are  more  brittle.  Con¬ 
trary  to  appearances,  bone  is  not  a  solid  structure.  Most  bones  have  a 
hrm  I?’  th«  marrow  cavity,  in  the  center  (Fig.  11,  C) .  Running 
through  the  matrix  of  the  bone  are  channels  (Haversian  canals)  in  which 
ie  blood  vessels  and  nerves  to  supply  and  control  the  bone  cells  The 
mne  matrix  is  secreted  in  concentric  rings  (lamellae)  around  the  canals 
and  the  cells  become  imbedded  in  cavities  in  these  rings  (Fig  11  m 
Bone  cells  are  connected  to  each  other  and  to  the  Haversian  canals  bv 
t my  tubes,  through  which  they  obtain  oxygen  and  nourishment  and 
eliminate  wastes^  Bones  also  contain  cells  which  destroy  bane  so  that 

straps  'y  nge  e‘r  Shape  in  resp°nse  t0  cont'nued  stresses  and 
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3.  Muscular  Tissues.  Muscular  tissue  is  made  of  cells  which  have  the 
ability  to  contract  quickly  and  thus  do  work.  There  are  three  distinct 
types  of  this  tissue  in  the  human  body:  skeletal,  smooth  and  cardiac 
(Fig.  12) .  All  are  made  of  elongated  fibers  which  become  shorter  arid 
thicker  during  contraction.  Each  fiber  contains  a  number  of  longitudinal 
myofibrils.  Skeletal  and  cardiac  fibers  are  exceptions  to  the  rule  that 
cells  have  only  one  nucleus:  each  fiber  has  many  nuclei.  The  nuclei  of 
skeletal  fibers  are  also  unusual  in  their  position,  which  is  peripheral,  just 
under  the  cell  membrane;  presumably  this  is  an  adaptation  to  increase 
the  efficiency  of  contraction.  Under  the  microscope,  skeletal  and  cardiac 
fibers  are  seen  to  have  tiny  alternate  light  and  dark  transverse  stripes 
or  striations.  These  stripes  appear  to  be  involved  in  contraction,  for  they 
change  their  relative  sizes  during  contraction,  the  dark  stripes  decreas- 


Table  3.  Comparison  of  the  Types  of  Muscle  Tissue 


Skeletal 

Smooth 

Cardiac 

Location 

Attached  to  skele¬ 
ton 

Walls  of  viscera, 
stomach,  intes¬ 
tines,  etc. 

Wall  of  heart 

Shape  of  fiber 

Elongate,  cylindri¬ 
cal,  blunt  ends 

Elongate,  spindle- 
shaped,  pointed 
ends 

Elongate,  cylindri¬ 
cal,  fibers  branch 
and  fuse 

Number  of  nuclei  per  fiber 

Many 

One 

Many 

Position  of  nuclei 

Peripheral 

Central 

Central 

Cross  striations 

Present 

Absent 

Present 

Speed  of  contraction 

Most  rapid 

Slowest 

Intermediate 

Ability  to  remain  contracted 

Least 

Greatest 

Intermediate 

Type  of  control 

Voluntary 

Involuntary 

Involuntary 

ing  and  the  light  stripes  increasing  in  width.  Skeletal  muscle  is  some¬ 
times  called  voluntary  muscle,  because  it  is  under  the  control  ot  the 
will  Cardiac  and  smooth  muscles  are  called  involuntary  because  they 
cannot  be  regulated  by  the  will.  Table  3  summarizes  the  features  which 

distinguish  the  three  types  of  muscle  tissue.  .  .  . 

4.  Vascular  Tissues.  Vascular  tissue  includes  the  red  and  white  blood 

cells  and  the  liquid,  noncellular  part  of  the  blood,  the  plasma.  Many 
biologists  classify  blood  with  the  connective  tissues  because  they  orig¬ 
inate  from  similar  cells.  .  „  , 

5.  Nervous  Tissue.  Nervous  tissue  is  made  of  cells,  called  neurons, 

soecialized  for  conducting  impulses.  Each  neuron  has  an  enlarged  struc¬ 
ture  the  cel!  body,  which  contains  the  nucleus,  and  two  or  more  nerve 
fiber’s  extending  from  the  cell  body  (Fig.  18).  The  nerve  fibers  are  made 
of  cytoplasm  and  are  covered  by  a  cell  membrane.  Some  are  extreme  y 
iong-those  stretching  from  the  spinal  cord  down  the  arm  or  leg  may 
be  3  feet  or  more  in  length.  All  are  microscopic  in  width.  The  neurons 
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are  connected  together  in  chains  to  pass  impulses  for  long  distances 
through  the  body.  Two  consecutive  neurons  do  not  actually  touch  as  do 
two  strands  of  copper  wire  spliced  together  to  carry  an  electric  impulse. 
Instead,  there  is  a  small  gap,  called  a  synapse,  between  them,  which 
regulates  the  transmission  of  impulses  from  one  neuron  to  the  next.  Two 
types  of  nerve  fibers,  axons  and  dendrites,  are  differentiated  on  the 
basis  of  the  direction  in  which  they  normally  conduct  a  nerve  impulse: 
axons  conduct  nerve  impulses  away  from  the  cell  body;  dendrites  con¬ 
duct  them  toward  the  cell  body.  Neurons  have  many  sizes  and  shapes, 
but  all  have  the  same  basic  plan. 


Fig.  IS.  Diagram  of  a  single  neuron.  (Hunter  and  Hunter:  College  Zoology.) 


6.  Reproductive  Tissue.  Reproductive  tissue  is  made  up  of  cells  modi- 

m  mta°esP7pil'Ceu'fSPpring“'namely'  egg  cdIs  *.'"*** 

motile  The  e  \  1  gg,CC,  s  are  usual|y  spherical  or  oval  and  are  non¬ 

mammals  eont  P  aS”i  0t  the  Cgg  °f  m°St  animals>  but  not  of  the  higher 
mammals,  contains  a  large  amount  of  yolk  which  serves  as  food  for  tl, 

develop, ng  organism  from  the  time  of  fertilization  unffl  it  is  able  to  1 

aia ... SSTtS&’E 'S” .“7“  «'  *  ~ 
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sperm  develop  from  epithelial-like  tissue  in  the  ovaries  and  testes,  some 
biologists  classify  them  with  those  tissues. 

III.  PLANT  TISSUES 

The  cells  of  the  higher  plants  are  also  organized  and  differentiated 
into  tissues.  Plant  biologists  recognize  four  main  types  of  tissue:  mer- 
istematic,  protective,  fundamental  and  conductive. 

7.  Meristematic  Tissue.  Meristematic  tissues  are  made  of  small,  thin- 
walled  cells  which  are  rich  in  protoplasm  and  have  few  vacuoles  (Fig. 
15) .  They  are  found  in  the  rapidly  growing  parts  of  the  plant — the  buds, 
root  tips  and  cambium  layer. 


Fig  14  Human  egg  and  sperm.  A,  An  egg  just  removed  from  the  ovary,  still  surrounded 
3y  follicle  cells.  Note  the  large  nucleus  and  nucleolus.  To  the  left  are  ^r  sper^show  ng 
dative  size  (X  400).  B,  Top  and  side  views  of  a  sperm:  h  head;  m,  imddle  piece,  t,  tail 
(X  2000).  (Woodruff:  Foundations  of  Biology,  The  Macmillan  Lo.) 


REH- 


8.  Protective  Tissue.  Protective  tissue  consists  of  cells  with  thic  er 
walls,  such  as  .the  epidermis  of  leaves  and  the  cork  layers  of  stems 
roots.  Leaves  are  frequently  waterproofed  by  a  waxy  material  called 
cutin,  secreted  by  the  epidermis.  The  epidermal  layer  may  develop  hairs 

^Im^s^he  fundamental  tissues  make  up  the  great 
mass  of  the  plant  body,  including  the  soft  parts  of  the  leaf  the  P'th^and 
cortex  of  stems  and  roots,  and  the  soft  parts  of  flowers  and  fruits  T he 
chief  function  is  the  storage  of  food.  The  simplest  of  the  fundamental 
tissues  is  parenchyma,  in  which  the  cells  have  a  thin  wall  and  a  large 
vacuole  (Fig.  16.V  In  some  fundamental  tissue  ft 

cells  are  thickened  to  help  support  the  plant.  Such  tissue,  called  coi 

lenchyma  (Fig.  16,  B) ,  occurs  just  beneath  the ^,der™re  all  wafl  be- 
In  still  another  type,  known  as  sderenchyma,  the  ent 
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comes  greatly  thickened  (Fig.  16,  C ) ,  giving  stiffness  and  hardness  to 
the  plant.  It  sometimes  occurs  as  long  thin  fibers. 

There  are  two  types  of  conductive  tissue:  xylem  cells,  which  conduct 
water,  and  phloem  cells,  which  conduct  food.  In  all  higher  plants  the 
first  xylem  cells  to  develop  are  long  ones,  called  tracheids,  with  pointed 
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TUBE  AND  COMPANION  CELL  • 

F,g  16.  Some  type,  of  plant  tissues  protective  tissues,  parenchyma,  coltenchyma,  scleren- 

g  chyma,  tracheids  and  sieve  tubes. 

ends  and  thickenings  on  the  walls  in  a  circular  spiral  or  pitted  pattern 
(Fig.  16,  E)  Later  other  cells  jom  end  to  d  f  side  1U  thicken. 
As  the  vessels  devetors  the  end  wa ^  walcr  ^ 

which  continue  to  function.  The  thickening,  w  „  d  ..  nature 
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a  conductive  tissue.  A  similar  end-to-end  fusion  of  cells  gives  rise  to  the 
sieve  tubes  of  the  phloem  (Fig.  10,  D) .  The  ends  of  the  cells  do  not 
disappear,  but  remain  as  a  perforated  plate,  the  sieve  plate.  I  he  nuclei, 
but  not  the  cytoplasm,  of  the  phloem  cells  disappear. 


IV.  ORGAN  SYSTEMS 

The  bodies  of  single-celled  animals  and  plants  are  not,  of  course,  or¬ 
ganized  into  tissues  and  organs;  all  the  life  functions  are  carried  on  by 
the  one  cell.  In  more  complex  organisms  a  division  of  labor  has  occurred 
and  special  systems  have  evolved  to  perform  each  of  the  principal  life 
functions.  In  man,  eleven  organ  systems  are  recognized,  as  follows: 

The  circulatory  system,  which  transports  materials  around  the  body. 

The  respiratory  system,  which  provides  a  means  for  oxygen  to  enter, 
and  carbon  dioxide  to  leave,  the  blood. 

The  digestive  system,  which  takes  in  food,  breaks  it  up  chemically 
into  small  molecules,  and  absorbs  it  into  the  blood. 

The  excretory  system,  which  eliminates  the  waste  products  of  met¬ 
abolism. 

The  integumentary  system,  which  covers  and  protects  the  entire  body. 

The  skeletal  system,  which  supports  the  body  and  provides  for  move¬ 
ment  and  locomotion. 

The  muscular  system,  which  functions  with  the  skeletal  system  in 
movement  and  locomotion. 

The  nervous  system,  which  conducts  impulses  around  the  body  and 
integrates  the  activities  of  the  other  systems. 

The  sense  organs,  which  receive  stimuli  from  the  outer  world  and 
from  the  various  regions  of  the  body. 

The  endocrine  system,  which  is  an  additional  coordinator  of  the  body 
functions. 

The  reproductive  system,  which  provides  for  the  continuance  of  the 
species. 


V.  BODY  PLAN  AND  SYMMETRY 

In  referring  to  parts  of  the  body,  biologists  use  the  following  terms: 
anterior,  referring  to  the  head  end  of  the  body;  posterior,  to  the  tail  end 
of  the  body;  dorsal,  to  the  back  side;  ventral,  to  the  belly  side;  medial, 
to  the  midline  of  the  body;  and  lateral,  to  the  side.  These  terms  are  also 
used  to  indicate  relative  position.  For  example,  the  neck  is  anterior  to 
the  chest;  the  ribs  are  posterior  to  the  collar  bone;  the  spinal  cord  is 
dorsal  to  the  body  cavity. 

Animal  and  plant  bodies  may  be  organized  according  to  one  of  three 
types  of  symmetry.  A  body  is  said  to  be  symmetrical  if  it  is  possible  to 
cut  it  into  two  equivalent  halves.  If  a  body  is  spherical,  and  is  completely 
homogeneous  like  a  rubber  ball,  so  that  it  is  possible  to  cut  it  in  any 
plane  through  the  center  and  get  two  equal  halves,  it  is  said  to  have 
sphencc1  symmetry.  Only  a  few  of  the  lowest  plants  and  animals  have 
type  ol  organization.  In  radial  symmetry  two  sides  are  distinguish- 
ble  a  top  and  a  bottom,  as  in  a  mushroom  or  a  starfish  A  mushroom 
can  be  cut  into  two  equal  halves  by  any  plane  which  includes  the  line 
or  axis  running  through  the  center  from  top  to  bottom.  Human  beings 
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and  all  the  higher  animals  have  bilateral  symmetry,  in  which  only  one 
special  cut  will  divide  the  body  into  two  equivalent  halves.  In  bilater¬ 
ally  symmetrical  animals,  anterior,  posterior,  dorsal  and  ventral  sides 
can  be  distinguished.  In  man,  for  example,  only  a  plane  from  head  to 
foot  exactly  in  the  center  will  divide  the  body  into  equivalent  halves, 
right  and  left. 

In  a  bilaterally  symmetrical  animal,  three  planes  or  sections  are 
possible: 

Transverse  planes,  which  include  a  dorsal-ventral  axis  and  a  left-right 
axis,  but  are  at  right  angles  to  the  anterior-posterior  axis. 

A  sagittal  plane,  which  includes  the  dorso-ventral  axis  and  the  an¬ 
terior-posterior  axis,  but  is  at  right  angles  to  the  left-right  axis. 

A  frontal  plane,  which  includes  the  anterior-posterior  axis  and  the 
left-right  axis,  but  is  at  right  angles  to  the  dorso-ventral  axis. 

In  learning  to  differentiate  between  these  body  planes,  it  is  helpful 
to  make  a  rough  model  of  some  bilaterally  symmetrical  animal  such  as 
a  fish,  using  modelling  clay  or  some  similar  material.  Practice  making 
the  various  types  of  sections  until  you  are  completely  familiar  with 
these  terms. 


QUESTIONS 

1.  In  what  way  does  the  analogy  between  the  cells  of  the  body  and  the  bricks  of  a  house 
break  down? 

2.  What  are  the  chief  differences  between  plant  and  animal  cells? 

3.  What  is  the  function  of  the  nucleus? 

4.  WTry  are  chloroplasts  important  to  the  plant  cell? 

5.  WTiich  tissues  of  plants  and  animals  are  comparable? 

6.  Differentiate  between  the  several  types  of  muscle  tissue. 

7.  What  kinds  of  tissue  make  up  the  following:  (a)  the  eyeball,  (b)  the  lung,  (c)  the 
intestines,  ( d )  the  sweat  glands,  (e)  the  liver? 

8.  What  is  meant  by  anterior,  ventral  and  medial? 

9.  What  kind  of  body  plan  do  the  following  organisms  have:  (a)  starfish,  ( b )  earthworm, 
(c)  clam,  ( d )  oak  tree,  (e)  abalone? 

10.  List  all  the  places  in  the  human  body  where  epithelial  tissues  are  found. 

11.  How  would  you  describe  the  position  of  the  hump  of  a  camel?  Of  a  cat’s  eyes  in  rela¬ 
tion  to  its  nose? 
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CHAPTER  5 


THE  PLANT  KINGDOM 


THE  WORD  “plant”  suggests  trees,  shrubs,  flowers,  grasses  and  vines— 
the  large  and  familiar  objects  of  our  everyday  world.  Further  thought 
brings  to  mind  such  forms  as  ferns,  mosses  and  mushrooms,  which  are 
quite  different,  but  recognizable  as  “plants.”  In  addition,  many  un¬ 
familiar,  microscopic  organisms — pond  scums,  molds  and  bacteria — are 
also  plants.  Some  of  these  microscopic  forms  have  characteristics  in 
common  with  both  plants  and  animals,  so  that  it  is  difficult  to  determine 
whether  they  should  be  classified  as  plants  or  animals,  or  placed  in  a 
separate  category  of  their  own. 

Fundamentally,  plants  and  animals  are  alike  in  many  ways,  since 
both  are  made  up  of  those  small  structural  units,  the  cells,  which, 
wherever  they  are  found,  carry  on  certain  chemical  processes  vital  to 
their  existence.  For  these  processes,  resulting  in  growth  and  reproduc¬ 
tion,  the  cells  require  food,  water  and  oxygen.  So  much  do  plants  and 
animals  have  in  common,  but  there  are  many  ways — some  of  them 
obvious,  some  rather  obscure — in  which  the  two  main  kinds  of  living 
organisms  differ  from  each  other. 

To  begin  with  the  less  important  differences,  plant  cells,  in  general, 
secrete  a  hard,  outer  cell  wall  of  cellulose,  which  encloses  the  living  cell 
and  supports  the  plant,  while  animal  cells  have  no  outer  wall  and  hence 
can  change  their  shape. 


Secondly,  plant  growth  is  indeterminate;  that  is,  plants  keep  on  grow¬ 
ing  indefinitely  because  some  of  the  cells  remain  in  an  actively  growing 
state  throughout  life.  Many  of  the  tropical  plants  grow  throughout  the 
year;  those  in  the  temperate  regions  grow  primarily  in  spring  and  sum¬ 
mer.  But  although  the  cells  of  animals  are  replaced  from  time  to  time, 
the  ultimate  body  size  is  established  after  a  definite  period  of  growth, 
and  remains  the  same  thereafter. 

A  third  difference  between  the  two  types  of  living  things  is  that  most 
animals  are  able  to  move  about,  while  most  plants  remain  fixed  in  one 
spot,  sending  roots  into  the  soil  for  various  chemicals  and  obtaining 
energy  from  the  sun  through  the  exposure  of  broad,  flat  surfaces. 

I  his  brings  us  to  the  most  important  difference  between  the  two- 
the  ways  in  which  they  supply  their  cells  with  nourishment.  Animals 
being  able  to  move  about,  obtain  their  food  from  the  organisms  of  their 
environment;  but  plants,  being  stationary,  must  be  more  self-dependent 
I  he  outstanding  thing  then,  about  plants  in  general  is  that  they  manu- 
acture  their  own  food  from  certain  raw  materials.  This  process  called 
photosynthesis,  depends  on  a  green  pigment,  chlorophyll,  and  is’  one  of 
the  most  basic  and  important  processes  in  the  entire  world  of  life 

said  t  T  tr"'°n:  Plants  whicl'  can  Synthesize  their  own  food  are 
this  Ih  n  a?,'°,r0ph'C  (aelf-»ounshing) .  Although  the  majority  have 
ability,  there  .s  one  group  of  plants-the  fungi-which  do  not 
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lliese  plants,  which  include  the  bacteria,  are  dependent,  like  animals, 
on  their  environment  for  food,  and  must  live  either  at  the  expense  of 
other  organisms  or  upon  decaying  organic  matter.  Such  plants  are  called 

heterotrophic. 

There  are  several  types  of  heterotrophic  nutrition.  When  food  is  ob¬ 
tained  as  solid  particles  which  must  be  eaten,  digested  and  absorbed, 
after  the  fashion  in  which  most  animals  obtain  it,  the  process  is  called 
holozoic  nutrition.  A  few  of  the  insect-eating  plants  have  a  type  of  nu¬ 
trition  which  is  partly  holozoic  and  partly  autotrophic. 

Another  type  of  heterotrophic  nutrition,  in  which  food  passes  di¬ 
rectly  through  the  cell  membrane,  and  which  requires  no  digestive  sys¬ 
tem,  is  called  saprophytic.  It  is  the  type  of  nutrition  carried  on  by  most 
bacteria,*  yeasts  and  molds.  The  environments  favorable  for  this  type  of 
nutrition  are  limited,  and  saprophytes  are  usually  confined  to  locations 
where  there  are  decomposing  bodies  of  animals  or  plants,  or  masses  of 
animal  and  plant  by-products.  Yeasts  are  good  examples  of  saprophytic 
plants.  They  need  only  inorganic  salts,  oxygen  and  some  kind  of  sugar. 
From  the  last  they  can  make  all  the  other  organic  chemicals  required — 
proteins,  fats,  vitamins,  and  so  on.  When  there  is  plenty  of  oxygen  avail¬ 
able,  the  yeasts  obtain  energy  by  oxidizing  the  glucose  completely  to 
carbon  dioxide  and  water.  But  in  the  absence  of  a  sufficient  amount  of 
oxygen  to  do  this,  they  ferment  the  glucose  and  form  alcohol  and  carbon 
dioxide,  using  an  enzyme  known  as  zymase.  The  only  practicable  way 
in  which  ethyl  alcohol  can  be  obtained  is  through  this  action  of  yeast; 
hence  yeast  is  used  in  the  manufacture  of  all  alcoholic  beverages.  It  is 
also  used  in  industries  which  manufacture  alcohol  for  use  as  a  solvent, 
or  as  a  raw  material  for  the  production  of  other  substances.  Yeasts  have 
a  remarkable  resistance  to  the  toxic  effects  of  alcohol,  and  continue 
forming  the  substance  until  a  concentration  of  about  12  per  cent  is 
reached,  at  which  point  the  action  is  inhibited.  To  produce  beverages 
of  higher  alcoholic  content,  the  wine  or  mash  must  be  distilled.  When 
yeast  is  mixed  with  bread  dough,  it  ferments  some  of  the  sugar  present; 
most  of  the  alcohol  produced  is  dissipated  during  the  baking  process,  but 
the  bubbles  of  carbon  dioxide  trapped  in  the  dough  expand  and  raise  it, 
making  the  bread  porous. 

Another  saprophyte,  the  red  baker’s  mold,  Neurospora,  requires  the 
vitamin  biotin,  in  addition  to  salts  and  sugar;  other  saprophytes  may 
require  many  different  organic  compounds. 

A  third  type  of  heterotrophic  nutrition,  found  among  both  plants 
and  animals,  is  parasitism.  A  parasite  lives  in  or  on  the  living  body  of 
a  plant  or  animal  and  obtains  its  nourishment  from  it.  Almost  every 
living  organism  is  the  host  for  one  or  more  parasites.  Some  parasites  do 
not  harm  the  host,  but  others  either  deprive  it  of  much  of  its  nutritive 
materials,  or  injure  its  cells  in  some  way  and  so  produce  disease.  A  few 
plants,  such  as  the  mistletoe,  are  partly  parasitic  and  partly  auto¬ 
trophic,  for  although  they  have  chlorophyll  and  make  some  of  their 
food,  their  roots  grow  into  the  stems  of  other  plants,  and  they  absorb 
some  of  their  nutrients  from  their  hosts. 

*  A  few  of  the  bacteria  are  autotrophic,  obtaining  the  energy  necessary  for  the  synthesis 
of  food  from  the  oxidation  of  certain  inorganic  chemicals  in  the  soil  or  water  (see  p.  550) . 
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2.  Photosynthesis.  Photosynthesis  is  the  process  by  which,  in  the 
presence  of  light,  plants  synthesize  carbohydrates  from  water  and  carbon 
dioxide.  The  fact  that  carbohydrates,  which  are  capable  of  releasing 
much  energy,  are  made  from  two  substances  which  have  no  physiological 
value  as  fuels,  makes  the  process  an  interesting  one.  It  is  also  note¬ 
worthy  in  being  the  only  significant  way  in  which  the  energy  from  the 
sun  is  captured  and  made  available  for  life  on  this  planet.  Photosyn¬ 
thesis  is  not  only  the  most  important,  but  also  the  most  widespread  and 
frequent  of  all  the  chemical  processes  in  nature.  A  tremendous  amount 
of  carbon  (estimates  place  the  actual  amount  at  about  300  billion  tons) 
is  made  into  organic  material  each  year  by  the  green  plants.  Of  this 
total,  the  land  plants  are  responsible  for  about  one  tenth,  the  marine 
plants,  mostly  microscopic  algae,  manufacturing  the  rest.  The  general 
characteristics  of  photosynthesis  are  the  same  from  the  lowest  plants  to 
the  highest,  but  there  are  minor  variations  in  the  photosynthetic  me¬ 
chanism  in  various  plants. 

The  electron  microscope  has  shown  that  the  substance  which  enables 
plants  to  carry  on  photosynthesis — the  green  pigment,  chlorophyll — exists 
within  the  plant  cell  in  tiny  bodies  called  grana  (Fig.  17)  .  These  bodies,  in 
turn,  exist  within  larger  bodies  called  chloroplasts,  which  are  constantly 
growing  larger  and  longer  until  they  divide  in  the  center  to  form  two 
daughter  chloroplasts.  The  over-all  photosynthetic  process  occurs  only  in 
the  green  parts  of  the  plants,  where  the  grana  are  located.  For  example, 
in  the  leaves  of  variegated  ivy,  it  occurs  only  in  the  green  and  not  in  the 
white  parts  of  a  single  leaf.  Roots,  which  ordinarily  are  not  exposed  to 
light  and  do  not  contain  chlorophyll,  nevertheless  can  develop  chlorophyll 
if  exposed  to  light,  and  so  carry  on  photosynthesis. 

Chlorophyll  is  a  complicated  organic  substance  composed  of  many 
atoms  of  carbon  and  nitrogen  joined  together  in  a  complicated  ring, 
with  an  atom  of  magnesium  in  the  middle.  It  is  strikingly  like  the  red 
pigment,  hemoglobin,  of  the  blood  cells,  which  has  an  almost  identical 
ring,  but  an  atom  of  iron  instead  of  magnesium  in  the  center.  Both 
chlorophyll  and  red  blood  pigment  are  joined  in  their  respective  cells  to 
protein  molecules,  and  are  physiologically  active  only  in  this  form. 

Plants  contain  many  pigments  other  than  chlorophyll,  which  give 
them  their  wonderful  colors.  Some  of  these  may  also  absorb  light  energy, 
and  transfer  it  to  chlorophyll  to  be  used  in  photosynthesis.  Most  plants 
have  a  deep  orange  pigment,  carotene,  which  can  be  converted  in  the 
animal  bodv  to  vitamin  A,  and  a  yellow  pigment,  xanthophyll  In  1947, 
evidence  was  discovered  that  the  red  pigments  of  red  algae  are  more 
effective  in  photosynthesis  than  the  chlorophyll  those  plants  contai  .  # 
The  chemical  formula  for  the  changes  which  occur  in  photosynthesis 

follows:  6  molecules  of  water  +  6  molecules  of  carbon  dioxide  + 
_  / _ bv  the  chlorophyll)  yield  1 


is  as 


light  energy  from  the  sun  (made  available  by  the  chlorophyll) 
molecule  of  glucose  +  0  molecules  of  oxygen.  To  make  180  gm.  of  glu¬ 
cose  requires  073  Calories  of  light  energy.  In  this  way,  light  energy 
which  is  otherwise  useless  to  living  things,  is  transformed  into  potential 
Chemical  energy  in  the  glucose  molecule.  The  process  is  also  extremely 
important  in  replenishing  the  supply  of  oxygen  in  the  atmosphere  The 
function  performed  by  chlorophyll  in  photosynthesis  is  to  absor 
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radiant  energy  of  sunlight  and  make  it  available  to  the  reacting  chern. 
icals.  Ordinarily,  only  about  3  per  cent  of  the  absorbed  light  energy  is 
converted  to  chemical  energy  in  photosynthesis.  But  with  weak  light 
and  ample  amounts  of  carbon  dioxide,  the  amount  of  energy  converted 
may  reach  30  per  cent.  There  is  no  decrease  in  the  concentration  of 
chlorophyll  in  the  leaves  after  intense  photosynthesis,  indicating  that 
the  pigment  is  a  true  catalyst  and  is  not  used  up  in  the  process. 

Land  plants  absorb  the  water  necessary  for  photosynthesis  through 
their  roots;  aquatic  plants  receive  it  by  diffusion  from  the  surrounding 
medium.  The  necessary  amount  of  carbon  dioxide  diffuses  into  the  plant 
by  way  of  small  holes  (stomata)  in  the  surface  of  the  leaves.  Since 
carbon  dioxide  is  steadily  used  up  in  photosynthesis,  its  concentration 
within  the  cell  is  always  slightly  lower  than  that  in  the  atmosphere,  so 
that  more  is  constantly  diffusing  in.  And  as  oxygen  is  produced  in  the 
process,  its  concentration  in  the  cell  is  increased  and  it  tends  to  dif¬ 
fuse  out.  The  glucose  formed  also  tends  to  diffuse  away  from  the  site 
of  formation  to  other  regions  of  lower  concentration. 

Plants  need  vast  quantities  of  air  to  carry  on  photosynthesis,  for  air 
contains  only  0.03  per  cent  carbon  dioxide.  Thus,  10,000  cubic  feet  of 
air  are  needed  to  yield  3  cubic  feet  of  carbon  dioxide.  Plants  generally 
grow  much  better  and  faster  in  air  with  a  higher  carbon  dioxide  content, 
and  some  greenhouses  are  artificially  maintained  with  an  atmosphere 
containing  from  1  to  5  per  cent  of  it.  There  are  many  reasons  for  be¬ 
lieving  that  in  past  geological  ages  the  air  contained  much  more  carbon 


dioxide  than  it  does  at  present,  and  that  plants  grew  more  rapidly.  It  is 
believed  also  that  the  phenomenal  growth  of  the  giant  tree  ferns  of  some 
250,000,000  years  ago,  whose  remains  were  converted  into  coal,  was 

made  possible  by  a  high  concentration  of  carbon  dioxide  in  tlie  at¬ 
mosphere. 

The  actual  chemical  process  involved  in  photosynthesis  is  complex 
involving  many  different  steps.  Scientists  have  known  since  1905  that 
the  over-all  photosynthetic  process  includes  at  least  two  steps  one  of 
which  can  occur  m  the  dark,  and  is  therefore  called  the  “dark  reaction  ’’ 
and  one  of  which  can  occur  only  in  the  light.  The  light  reaction  occurs 
hrst  and  produces  certain  unstable  intermediate  compounds:  the  dark 
reaction  then  follows  and  converts  these  intermediates  into  carbo- 
lydrate  and  oxygen.  The  dark  reaction  occurs  much  more  slowly  than 
the  light  one  and  limits  the  rate  at  which  the  whole  reaction  occurs 
Since  the  light  reaction  produces  many  more  molecules  of  unstable 
intermediates  in  a  given  amount  of  time  than  the  dark  reaction  can 
convert  to  carbohydrates,  many  of  them  return  to  their  original  con- 


Ihe  light  energy  absorbed  is  used  to  decomnosp  •  i  j 

m  Photosynthesis.  The  utilization  of  the  resuZe  Ldro  !  ed 
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The  first  step,  then,  in  photosynthesis,  is  the  utilization  of  light  energy 
to  decompose  water  (H20)  to  oxygen  and  hydrogen.  Just  how  this 
occurs  is  not  known;  the  hydrogen  undoubtedly  is  not  released  as  a 
gas,  but  is  taken  up  by  other  chemicals  (called  hydrogen  acceptors) 
which  pass  it  on  in  a  bucket  brigade  fashion,  so  that  eventually  it  is 
combined  with  the  carbon  dioxide.  The  exact  nature  of  the  first  chemical 
compound  resulting  from  the  union  of  the  hydrogen  and  carbon  dioxide 
is  unknown.  At  present  it  is  believed  to  be  something  like  acetic  acid, 
but  not  that  substance  itself.  This  “acetic  acid-like”  substance  is  con¬ 
verted,  via  a  long  series  of  intermediate  organic  acids,  into  simple  sugar 
(glucose) ,  which  is  converted  by  enzymes  into  starch  for  storage.  This 
is  necessary  because  starch,  unlike  glucose  or  sucrose,  is  insoluble  in 
water  and  will  not  diffuse  away  from  the  storage  place.  Or  the  inter¬ 
mediates  may  be  converted  directly,  by  other  enzymes,  into  fats,  pro¬ 
teins  and  other  organic  compounds.  These  conversion  processes  of  plants 
are  similar  to  those  of  animals. 

Until  recently,  photosynthesis  was  thought  to  be  the  only  chemical 
process  in  nature  by  which  carbon  dioxide  is  converted  to  organic  sub¬ 
stances.  But  in  1935  it  was  discovered  that  bacteria  also,  under  certain 
conditions,  can  convert  carbon  dioxide  into  organic  materials  such  as 
glucose;  and  shortly  after  that  the  same  chemical  process  was  demon¬ 
strated  in  animal  tissues,  such  as  the  liver  and  kidney.  It  is  now  be¬ 
lieved  that  the  unique  characteristic  of  photosynthesis  is  the  coupling 
of  the  action  of  light  with  the  decomposition  of  water  and  the  produc¬ 
tion  of  gaseous  oxygen. 

So  far,  investigators  have  been  able  to  make  photosynthesis  occur 
in  the  test  tube  only  in  the  presence  of  complete  living  cells,  and  not 
with  extracts  of  them,  although  it  is  possible  to  get  certain  steps  of  the 
photosynthetic  mechanism  to  occur  in  the  test  tube  extracts.  For  ex¬ 
ample,  chloroplasts  and  even  a  solution  of  chlorophyll  (plus  its  protein) 
will  release  oxygen  from  water  when  illuminated. 

3.  Plant  Respiration.  The  process  of  respiration,  which  must  occur 
in  every  living  cell,  is  the  same  in  all  organisms,  involving  the  taking 
jji  of  oxygen,  the  giving  off  of  carbon  dioxide,  and  the  releasing  of  energy 
from  glucose  and  other  foods  in  a  form  in  which  it  can  be  used  in  cellular 
activity.  The  over-all  chemical  formula  of  respiration,  then,  is  just  the 
reverse  of  that  of  photosynthesis.  The  two  processes  are  compared  in 
the  following  table: 


Photosynthesis 


Respiration 


Occurs  in  only  those  cells  of  green  plants  which  contain  chlor¬ 
ophyll  . .  •  . . 

Raw  materials  are  water  and  carbon  dioxide . 

Occurs  only  when  light  shines  on  the  cell . 

Energy  is  stored  by  the  process . 

The  process  increases  the  weight  of  the  plant . 

Products  are  oxygen  and  organic  materials . 


Occurs  in  all  living  cells 
Raw  materials  are  oxygen 
and  organic  substances 
such  as  glucose 
Occurs  continuously,  night 
and  day 

Energy  is  released  by  the 
process 

The  process  decreases  the 
weight  of  the  plant 
Products  are  carbon  diox¬ 
ide  and  water 
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When  a  plant  is  illuminated,  photosynthesis  occurs  at  a  rate  ten  to 
thirty  times  as  great  as  that  of  respiration,  so  that  the  latter  process 
is  masked  completely.  But  in  the  dark,  when  no  photosynthesis  is  occur¬ 
ring,  a  small  rate  of  respiration  can  be  measured  in  all  plant  cells.  Oxy¬ 
gen  is  carried  to  the  cells,  and  carbon  dioxide  is  carried  from  them, 
by  simple  diffusion,  and  no  special  respiratory  organs  are  present  or 

needed. 

4.  Plant  Digestion  and  Circulation.  Plants  need  no  digestive  system, 
since  their  food  is  made  within  the  cells,  or  absorbed  directly  through 
the  cell  membranes,  and  food  is  either  used  at  once  or  transported  to 
another  part,  such  as  the  stem  or  root,  where  it  is  stored  for  later  use. 
The  few  insect-eating  plants,  although  they  have  no  organized  digestive 
system,  do  secrete  digestive  enzymes  similar  to  those  secreted  by  ani¬ 
mals.  The  simpler  plants,  which  consist  of  single  cells  or  small  groups 
of  cells,  have  no  transporting  or  circulatory  system,  and  no  need  for 
one,  since  simple  diffusion  suffices  to  bring  in  the  substances  the  plant 
requires:  water,  carbon  dioxide  and  salts.  The  larger  and  more  complex 
land  plants  have  a  simple  transporting  system  composed  of  phloem  and 
xylem  cells  (see  p.  46) ,  the  former  carrying  dissolved  food  substances, 
the  latter  carrying  water.  Transportation  of  materials  by  these  cells  is 
much  slower  than  the  movement  of  substances  by  an  animal’s  blood 
stream.  Foods  and  minerals  travel  primarily  by  diffusion,  and  water 
rises  in  the  xylem  tubes  because  of  the  combined  forces  of  transpiration 
and  root  pressure. 


5.  Plant  Coordination.  The  activities  of  the  various  parts  of  a  plant 
are  much  more  autonomous  than  are  those  of  the  parts  of  an  animal, 
and  such  coordination  as  does  exist  is  achieved  almost  entirely  by  direct 
chemical  and  physical  means,  such  as  growth  hormones,  rather  than  by 
a  nervous  system.  Plants  have  developed  no  specialized  sense  organs 
and  no  nervous  system,  but  actively  growing  plants  will  respond  to  a 
stimulus  by  growing  more  rapidly  on  one  side,  and  hence  bending 
toward  or  away  from  it.  Such  responses  are  called  tropisms,  the  most 
common  of  which  are  phototropism,  the  response  to  light  (Fig.  18) 
and  geotropism,  the  response  to  gravity  (Fig.  19) .  These  responses  can 
occur  only  in  those  parts  of  the  plant  that  are  growing  and  elongating 
but  the  stimulus  for  them  may  be  received  in  some  distant  part  of  the 
organism.  Thus,  although  plants  have  no  sense  organs  or  nerves  some 
cells  are  more  sensitive  to  certain  stimuli  than  are  others,  and  stimuli 
can  be  transmitted  from  one  part  of  the  plant  to  another.  The  roots  of 
p  ants  are  positively  geotropic  and  grow  downwards,  whereas  the  stems 
are  negatively  geotropic  and  grow  upwards.  If  a  growing  plant  is  spun 
on  a  disc  for  a  day  or  more,  so  that  centrifugal  force  replaces  the 
orce  of  gravity,  the  stem  will  grow  toward  the  center  of  the  disc  and 
the  roots  will  grow  toward  the  periphery.  d 

The  growth  of  many  plants  is  influenced  bv  the  relative  length  rln 
and  night,  certain  periods  of  daylight  brinmna  qbm,t  ^  \ 

"r,v "  •*  “”:: 


Fig.  18.  Phototropism  in  young 
radish  plants.  .4,  In  the  dark  or  in 
uniform  light,  the  plants  grow 
straight  upward.  B,  When  they 
are  exposed  to  light  coming  from 
a  single  direction,  they  quickly 
bend  toward  it — that  is,  they  are 
positively  phototropic.  The  photo¬ 
graph  on  the  right  was  taken  half 
an  hour  after  the  one  on  the  left. 
(Weatlierwax:  Plant  Biology.) 


Fig.  19.  Geotropism  in  young  radish  plants.  A,  Pot  of  straight 
radish  seedlings  placed  on  its  side  and  kept  in  the  dark  to  elimi¬ 
nate  phototropism.  B,  Within  thirty  minutes  the  seedlings  had 
bent;  since  they  bend  away  from  the  direction  of  the  for^ 
gravity,  they  are  negatively  geotropic.  (Weatherwax.  Plant 

Biology.) 


Fig.  20.  Two  cosmos  plants 
grown  in  Washington,  D.  C., 
from  seeds  planted  May  26. 
Normally,  the  plant  begins  to 
flower  in  late  August  or  Sep¬ 
tember,  but  by  artificially 
shortening  the  exposure  to 
light  to  ten  hours  a  day,  the 
plant  on  the  left  was  induced 
to  flower  July  8.  The  plants 
which  were  exposed  to  the  nor¬ 
mal  fourteen  or  fifteen  hours 
of  daylight  per  day  are  shown 
to  the  right.  This  response  to 
the  relative  length  of  day  and 
night  is  known  as  photoperi- 
odism.  (Weatherwax:  Plant 
Biology;  photograph  courtesy 
of  Dr.  II.  A.  Allard  and  the 
United  States  Department  of 
Agriculture.) 
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tion  of  flowering  is  regulated  by  a  hormone,  but  the  mechanism  whereby 
this  hormone  is  elicited  by  shortening  or  lengthening  the  daily  ex¬ 
posures  to  light  is  unknown. 

6.  Plant  Excretion.  The  metabolism  ot  plants  is  such  that  scaiccn 
any  metabolic  wastes  are  produced,  and  some  of  these  are  used  over 
again  in  other  metabolic  processes.  For  this  reason  there  is  little  for 
plants  to  excrete,  and  no  special  excretory  system  is  needed.  The  main 
wastes  of  respiration,  carbon  dioxide  and  water,  are  used  as  raw  ma¬ 
terials  in  photosynthesis.  A  few  plant  cells  accumulate  special  types  ol 
waste  products,  but  instead  of  excreting  them  to  the  outside  in  some 
way,  they  usually  deposit  them  as  insoluble  crystals,  either  in  the  cyto¬ 
plasm  itself  or  in  the  vacuoles.* 


I.  TYPES  OP  PLANTS 


Although  all  green  plants  are  similar  in  their  basic  chemical  processes, 
there  is  among  them  a  remarkable  variety  of  size,  shape,  and  degree  of 
specialization.  In  the  past  the  various  kinds  of  plants  were  classified  on 
the  basis  of  whether  they  were  trees,  shrubs  or  herbs;  or  according 
to  whether  they  produced  fruit,  vegetables,  fibers  or  wood;  or  on  the 
basis  of  structural  similarities.  With  the  acceptance  of  the  theory  of 
evolution,  botanists  tried  to  set  up  a  system  of  classification  based  on 
natural  relationships,  putting  in  a  single  group  those  plants  which  are 
closely  related  in  their  origin.  There  are  still  disagreements,  however,  as 
to  how  certain  groups  should  be  classified,  because  not  enough  is  known 
about  their  evolutionary  history. 

At  the  present  time  the  unit  of  classification  for  both  plants  and 
animals  is  the  species.  It  is  difficult  to  give  a  definition  of  this  term 
which  will  apply  uniformly  throughout  the  animal  and  plant  kingdoms, 
but  a  species  may  be  defined  as  a  group  of  similar  individuals,  alike  in 
their  structural  and  functional  characteristics,  which  breed  only  with 
each  other,  and  have  a  common  ancestry. 


Closely  related  species  are  grouped  together  in  the  next  higher  unit 
ot  classification,  the  genus  (plural,  genera).  The  scientific  names  of 
p  ants  and  animals  consist  of  two  words,  the  eenus  ami  the 


as  me  living''  languages  are. 


not  subject  to  change 


ell  as  the  life  cycles  of  plants,  are 
is  of  the  utmost  importance  for 
each  other  and  from  animals.  It 
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Just  as  several  species  may  be  grouped  together  to  form  a  genus,  a 
number  of  related  genera  constitute  a  family;  and  families  may  be 
grouped  into  orders,  orders  into  classes,  and  classes  into  phyla  (singu¬ 
lar,  'phylum) .  The  phyla,  then,  are  the  large,  main  divisions  of  the  plant 
and  animal  kingdoms,  as  the  species  are  the  fundamental,  small  units. 
The  white  oak  is  classified  as  phylum  Spermatophyta,  class  Angiosper- 
mae,  subclass  Dictotyledoneae,  order  Sapindales,  family  Fagaceae,  genus 
Quercus,  species  alba.  Man  belongs  to  the  phylum  Chordata,  subphylum 
Vertebrata,  class  Mammalia,  subclass  Eutheria,  order  Primates,  family 
Hominideae,  genus  Homo,  species  sapiens. 

Many  plants  and  animals  fall  into  easily  recognizable,  natural  groups, 
and  their  classification  presents  no  difficulty,  but  other  forms,  which 
seem  to  lie  on  the  borderline  between  two  groups  and  have  some  char¬ 
acteristics  in  common  with  each,  are  difficult  to  assign  to  one  or  the 
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Fig.  21.  Some  common  species  of  blue-green  algae. 

other.  Because  of  this,  the  number  and  inclusiveness  of  the  principal 
groups  vary  according  to  the  basis  of  classification  used,  and  the  judg¬ 
ment  of  the  scientist  making  the  classification.  Some  taxonomists  like 
to  group  things  together  in  already  existing  units;  others  prefer  to  estab 
ish  Separate  categories  for  forms  that  do  not  fall  naturally  into  one 
of  the  recognized  classifications.  Thus  different  taxonomists  cons  der 
that  there  are  from  ten  to  twenty-three  phyla  of  animals  and  from  fo 
to  seven  phyla  of  plants.  We  shall  use  the  simpler  method,  and  con¬ 
sider  that  there  are  four  plant  phyla,  named,  in  order  of  increasing  com¬ 
plexity  the  Thallophyta,  Bryophyta,  Pteridophyta,  and  Spermatophyta. 
P  7  ThaHophyta.  Among  the  107,000  or  so  species  which  make  up  the 
phylum  Thallophyta  are  the  most  primitive  and  simply  organized  plants. 
The  phylum  is  made  up  of  two  subphyla,  the  algae,  w  ic  a’"' 
phyll  and  can  live  independently,  and  the  fungi,  which  lack  chbrophyU 
and  so  must  secure  their  food  from  organic  material.  The  members  o 
both  subphyla  are  alike  in  having  a  body,  called  a  thallus,  which 
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roots,  stems  or  leaves.  The  tlnillus  may  be  a  single  cell  or  an  aggregate 
of  many  cells,  but  even  in  the  latter  case  there  is  no  differentiation  into 

tissues. 

Algae.  Nearly  all  algae  are  aquatic,  or  practically  so,  for  since  they 
have  no  roots  with  which  to  secure  moisture  from  the  soil,  they  can 
live  only  immersed  in  water,  or  covered  by  a  watery  film.  A  few,  how¬ 
ever,  grow  in  comparatively  dry  places  such  as  the  trunks  of  trees,  and 


1,ro'™  »'f  ^rcocysth.  Note  the 

ficially  resembles  ll  !aiC  l  ,bra“chmg:  many-celled  thallus,  which  super- 
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fresh  or  salt  water,  or  live  as  scum  on  the  surface  of  rocks  in  stagnant 
ponds  (Fig.  21)  .  Unicellular  in  structure,  they  are  sometimes  organized 
into  loose  filaments  or  colonies,  but  there  is  no  distinct  nucleus  within 
the  individual  cell  and  no  chloroplast.  Reproduction  occurs  by  simple 
cell  division  or  by  sporulation,  never  sexually. 

The  green  or  yellow-green  algae  (Chlorophyceae)  live  in  either  fresh 
or  salt  water,  or  in  moist  places  on  rocks  or  tree  trunks.  Sometimes  they 
exist  as  single  cells,  sometimes  in  colonies  or  long  filaments,  and  the 
individual  cells  may  contain  one  or  many  nuclei  and  many  chloroplasts. 


Fig  23  A,  Fresh-water  red  alga,  Batrackospermum.  B,  Enlarged  view  «(  a  part  of  its  main 
S  stem,  showing  the  whorls  of  small  branches.  (Weatherwax:  Plant  Biology.) 

Reproduction  may  be  sexual  or  asexual.  Acetabvlaria,  the  umbrella¬ 
shaped  marine  alga  described  in  Chapter  3,  is  a  green  alga  as  a 
Spifogyra,  Ulothrix  and  Oedogonium,  whose  methods  of  reproduction 

^Thebrown  algae  (Phaeophyceae)  include  the  kelps  and  other  brown 
seaweeds  ° and  are  ^ou nd  oli«  salt  water,  where  they  are  attached  by 
hold-fasts  to  rocks  beneath  the  surface  of  the  water,  and  buoyed  up  . 
the  free  ends  by  air  bladders  (Fig.  22) .  Some  of  these  tough  and  leathery 
nlants  grow  to  a  length  of  500  feet.  Reproduction  is  usually  sexual, 
although  some  species  show  an  alternation  of  sexual  and  asexual  ge  - 

erTh°en red  or  purplish  algae  (Rhodophyceae)  are  the  red  sea  weeds, 
mosJ  of  whichirve  in  saU  water,  although  there  are  a  few  fresh-water 
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forms  Their  bodies  are  frequently  delicately  branched  (Fig.  23)  ,  and 
some  of  them  have  walls  hardened  with  calcium  carbonate  which  con- 

tribute  to  the  formation  of  coral  reefs.  .  _  , 

The  various  types  of  algae  are  important  biologically  as  a  source  o 
food  and  oxygen  for  many  aquatic  animals,  and  the  larger  ones  a  so 
provide  a  place  of  attachment  and  of  hiding  for  a  great  variety  o 

marine  creatures.  ,  ,  .  . 

Fungi.  There  are  many  more  types  of  fungi  than  algae,  and  the  tungi 

include  plants  that  are  diverse  in  their  structure  and  way  of  living. 
Some  fungi  are  saprophytic,  others  parasitic.  . 

The  bacteria  (Schizomycetes)  are  unicellular  fungi  that  live  in  a 
wide  variety  of  habitats,  and  are  parasitic  or  saprophytic.  Their  cells 
are  simple,  and  they  resemble  the  blue-green  algae  except  for  their 
lack  of  chlorophyll.  Reproduction  takes  place  by  simple  cell  division  or 
by  sporulation. 

The  slime  molds  (Myxomvcetes)  are  peculiar  organisms  which  re¬ 
semble  other  fungi  in  some  respects,  but,  during  part  of  their  lives,  are 
very  like  amebas.  They  exist  as  slimy  masses  on  decaying  leaves,  and 
move  by  sending  out  pseudopodia,  just  as  amebas  do.  Although  each 
mass  contains  many  nuclei,  it  is  not  divided  into  individual  cells. 
Ordinarily,  these  plants  reproduce  by  fission,  but  one  of  the  most  curious 
of  biological  phenomena  is  the  way  in  which,  at  certain  times,  individual 
slime  molds  congregate  to  form  a  fruiting  (spore-producing)  body  (Fig. 
24) ,  thus  making  an  alternate  type  of  reproduction  possible. 

The  Phycomycetes,  or  algal  fungi,  take  their  name  from  the  fact  that 
in  their  body  form,  which  consists  of  long  filaments,  and  in  their  method 
of  reproduction  by  means  of  motile  spores,  or  sexually  by  means  of 
gametes,  they  resemble  algae.  The  body,  or  hvpha,  of  these  plants  is  a 
long,  unicellular  tube  with  many  nuclei.  Some  species,  such  as  the  bread 
mold  (Fig.  25),  cause  decay;  others,  such  as  the  downy  mildews,  cause 
plant  diseases. 

The  largest  class  of  fungi,  the  sac  fungi  (Ascomycetes) ,  are  so  called 
because  their  spores  are  produced  in  sacs,  called  asci  (singular,  asciis )  . 
The  class  includes  yeasts,  powdery  mildews,  the  molds  which  appear 
on  cheese,  jelly  and  fruit,  and  the  truffle,  which  is  regarded  as  a  delicacy 
in  Europe.  The  ascomycete  molds  which  appear  on  food  may  give  it  an 
unpleasant  taste,  but  they  are  not  poisonous  and  may  be  eaten  safely. 
Tn  fact,  they  are  essential  for  the  flavor  of  cheeses  such  as  Roquefort 
in  The  antibiotic  penicillin  is  produced  by  an  ascomycete 

1  emcilhum  The  bodies  of  ascomycetes  consist  of  threadlike  branches 
cal h  d  hyphae,  with  the  nuclei  separated  from  one  another  bv  cross 

L  LRrdlUClr  '-S  acc°mplished  asexualIy  b-V  spores,  or  sexually 
Tl  BtejWhlCh  umt?  t0  form  a  “fruit-”*  containing  the  ascus. 

and  .l^k,'I  'ryCeten  *  a  £laSS  of  fun«i  which  indudes  the  mushroom 
an  h»  K  :  f(We"  as  ‘he  balb  the  rusts  and  smut  of  wheat 
tl.P  l|h  h.racke‘  fungus.  The  name  indicates  that  all  the  members  of 
the  class  have  besidio,  special  cells  with  four  slender  branch^  which 
Produce  spores  (basidiospores)  at  their  tips.  Sometime. Te^mt 
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Fig.  24.  Reproduction  in 
slime  molds.  Upper  lejt.  Photo¬ 
micrograph  showing  individual 
organisms  beginning  to  con¬ 
gregate  as  a  fruiting  body. 
Upper  right,  Photomicrograph 
showing  a  later  stage  in  the 
process  of  congregation.  Below, 
Diagram  of  the  various  stages 
in  the  process.  A-C,  the  fruit¬ 
ing  body  is  formed  by  the  ag¬ 
gregation  of  hundreds  of  indi¬ 
vidual  ameba-like  slime  molds; 
I)-H,  it  crawls  along  the  sub¬ 
strate  surface  for  some  time; 
I-N,  it  grows  a  stalk  which 
lifts  the  spore-producing  part 
off  the  surface.  Finally,  the 
spores  are  released.  (Courtesy 
of  Dr.  John  Bonner.) 


JaV_  ft. 


65 

The  Plant  Kingdom 

countless  basidia  exist  in  a  single  plant.  The  bodies  of  these  fungi  are 
multicellular  structures  with  the  fleshy,  spore-bearing  part  supported  by 
a  network  of  filaments  in  the  soil.  The  underside  of  a  mushroom  or 
toadstool  umbrella  is  made  of  filaments  arranged  in  various  patterns, 
and  bearing  club-shaped  basidia  at  their  tips  (Fig.  26) .  When  the 
basidiospores  are  mature,  they  are  released  in  great  numbers  and  carried 

by  the  wind  to  new  places  of  development. 

After  the  easily  classifiable  fungi  have  been  assigned  to  one  of  the 
foregoing  five  classes,  there  are  some  left  over  that  do  not  seem  to  fit  in 
anywhere.  These  are  lumped  together  in  a  heterogeneous  group,  known 
as  the  imperfect  fungi,  not  because  they  are  imperfectly  formed,  but 


tig.  25.  A,  Bread  mold  magnified  ten  times;  the  spherical  structures  are  sporangia,  in 
which  develop  spores  for  asexual  reproduction.  B,  Enlarged  view  of  a  mycelium— the  fine, 
white,  roothke  filaments  which  grow  down  inside  the  bread.  C—E,  Stages  in  the  sexual 
reproduction  of  the  bread  mold  by  fusion  of  two  branches  to  form  a  zvgote.  ( Weatherwax: 
Plant  Biology.) 


because  their  status  is  imperfectly  understood.  Sexual  reproduction  is 
unknown  in  this  group;  for  some,  this  is  due  to  a  true  loss  of  the  fruiting 
phase,  so  that  only  asexual  spores  are  produced;  for  others,  there  very 
likely  is  a  fruiting  phase  which  has  not  been  identified  as  yet.  The 
imperfect  fungi  include  some  forms  which  cause  important  plant  dis¬ 
eases,  such  as  leafspot. 

The  lichens  are  curious  plants  which,  although  they  look  like  indi¬ 
vidual  plants,  are  really  an  intimate  combination  of  an  alga  and  a 
tungus  (Fig  27).  The  algal  component  is  either  a  green  or  a  blue-green 
alga  and  the  fungus  is  usually  an  ascomycete,  although  it  may  be  a 
basidiomycete  A  lichen,  then  is  really  a  fungus  body  with  algal  cells 

Zislt  '",'t  LiChenS  "*  resistanl  to  “s  of  "temperature  and 
mo‘sture  and  grow  everywhere  that  life  can  be  supported  at  all  They 

exist  farther  north  than  any  other  plants  of  the  arctic  region,  and  are 

qually  at  home  in  the  steaming  equatorial  jungle  The  de  v  bv  nhr.tr, 

^thesis,  produces  food  for  both  hints,  while  Urn  fungus^Vofect  the 
alga  and  provides  it  with  moisture  and  mineral  salts. 
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The  fungi  are  important  biologically  as  scavengers  which  consume 
dead  organic  material  and  make  it  available  for  re-use  (p.  386) .  But  they 
are  also  responsible  for  devastating  economic  losses,  by  causing  both 
disease  and  the  decay  of  food,  clothing,  wood  and  other  materials. 

8.  The  Conquest  of  Land  by  Plants.  Since  all  green  plants  require 
water,  salts,  carbon  dioxide  and  light,  the  process  whereby  land  plants 
developed  from  the  first  primitive,  aquatic  algae  must  have  been  a  long 
and  complicated  one,  fraught  with  many  failures.  For  the  new  forms 
which  tried  to  live  in  the  soil  there  were  plenty  of  salts,  water  and  car¬ 
bon  dioxide,  but  no  light,  and  for  those  which  tried  to  live  above 
ground  there  was  sufficient  light  and  carbon  dioxide,  but  not  enough 
water  and  no  salts.  The  plants  which  finally  triumphed  and  were  able 
to  exist  on  land  did  so  by  means  of  specialized  parts:  leaves,  which 
extended  into  the  air  to  absorb  light  and  carry  on  photosynthesis;  roots, 
which  extended  into  the  soil  to  absorb  water  and  salts,  and  to  act  as 


- Basidiospores 

__ - Basidium 


„  Hymenium 


Fig.  26.  Section  of  a  gill  from  the  under  side  of  a  mushroom  cap,  magnified  500  times,  to  show 
the  basidia  and  their  basidospores.  (Weatherwax:  Plant  Biology.) 


anchors  for  the  plants;  and  stems,  which  connected  the  two  and  pro¬ 
vided  a  passage  way  for  vital  substances. 

9.  Bryophyta.  The  simplest  and  most  primitive  plants  with  stems, 
roots  and  leaves  are  the  bryophytes — the  mosses  and  liverworts.  Their 
advance  over  the  algae  is  simply  in  having  differentiated  cells,  special¬ 
ized  for  particular  functions,  which  make  possible  a  division  of  labor. 
The  name  “moss”  is  frequently  applied  to  plants  which  are  not  true 
bryophytes  at  all,  such  as  the  “moss”  on  the  north  or  shady  side  of  tree 
trunks,  which  is  really  an  alga.  Both  lichens  and  liverworts  are  com¬ 
monly  mistaken  for  mosses.  The  “Spanish  moss”  found  on  trees  in  the 
South  is  really  a  seed  plant,  related  to  the  pineapple. 

There  are  some  23,000  species  of  mosses  and  liverworts,  found  in  all 
climates  and  habitats;  some  species  are  able  to  live  only  in  damp  places, 
others  can  live  on  dry  sand  or  rocks  where  enough  moisture  for  growth 

is  present  only  a  short  part  of  the  year.  #  . 

The  mosses  are  all  rather  similar  in  structure,  consisting  of  a  single 
stem,  or  axis,  to  which  are  attached  a  great  number  of  leaves  (Fig.  156) . 
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From  the  base  of  the  stem  many  rootlike  projections,  called  rhizoids, 
extend  into  the  ground.  Mosses  never  exceed  6  or  7  inches  in  height, 
owing  to  the  inefficiency  of  the  rhizoids  as  water  absorbers.  The  stems, 
too.  because  of  their  fragility  and  lack  of  a  true  vascular  system  for 
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and  necessary  as  the  epidermis  is,  it  interferes  with  the  movement  of 
gases  involved  in  photosynthesis  and  respiration,  a  difficulty  overcome 
by  small  holes  in  the  epidermis  known  as  stomata  (singular,  stoma) . 

Both  mosses  and  liverworts  show  a  marked  alternation  of  sexual  and 
asexual  generations  (see  p.  339) .  The  conspicuous,  familiar  plant  is  the 
sexual  or  gametophyte  generation;  the  sporophyte  or  asexual  generation 
develops  as  a  parasite  on  the  top  of  the  female  gametophyte.  Mosses 
are  successful  in  spreading  over  large  areas  partly  because  of  the  facility 
with  which  they  can  propagate  asexually  by  means  of  underground 
runners. 

An  economically  important  moss  is  Sphagnum,  which  grows  in  bogs 
in  North  America  and  Europe  and  is  one  of  the  main  constituents  of 
peat,  used  for  fuel  in  many  countries. 


Fig.  28.  Sketches  of  some  common  liverworts.  A  and  B  MarchanUa  (natural  )  ,  . 

Anthoceras,  and  D.  Riccia  (magnified  three  times)  In  each  the  mam,  flat  part  of 
body  is  the  gametophyte,  from  which  the  sporophyte  develops.  (Weatherwax.  I  la 

Biology.) 

Liverworts,  the  other  class  of  bryophytes,  are  simpler  and  more  primi¬ 
tive  than  the  mosses.  Their  bodies  consist  of  a  flat,  sometimes  branch  , 
leaflike  structure  that  lies  on  the  ground  in  contrast  to  the  upr  g 
position  of  the  mosses.  This  body,  usually  no  more  than  an  inch  or 
two  in  diameter,  is  attached  to  the  soil  by  numerous  rhizoids,  and  lacks 
a  stem.  The  epidermis  of  the  upper  surface  is  covered  with  waxy  cut 
to  prevent  the  loss  of  water,  and  is  punctured  by  many  stomata  for 
exchange  of  gases.  The  recognisable  plant  is  the  gametophyte  genera- 
tion;  as  in  mosses,  the  sporophyte  grows  as  a  parasite  on  g 

PlMoss(r  and8  liverworts  evolved  from  alga-like  ancestors,  and  certain 
vreen  algae  have  many  characteristics  in  common  with  the  simpler  liver¬ 
worts  The  mosses,  apparently,  represent  the  end  of  one  branch  of  the 
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evolutionary  tree;  that  is,  they  are  not  believed  to  have  given  rise  to 
any  higher  plants.  Instead,  the  higher  plants  are  generally  considered 
to  nave  come  either  from  liverwort-like  plants  or  directly  from  the  algae. 

10.  Pteridophyta.  This  phylum  includes  some  diverse  types  of  plants: 
the  ferns,  the  ground  pines  or  club  mosses,  and  the  horsetails  (and  tlieir 
fossil  relatives)  .  In  addition,  there  were  once  many  thousands  of  oliier 
species,  now  known  only  from  their  fossil  remains.  The  evolutionary  re¬ 
lationships  of  these  four  classes  are  rather  obscure,  and  the  ferns  may 
actually  be  more  closely  related  to  the  higher,  seed  plants  than  to  the 
other  members  of  the  Pteridophyta.  But  diverse  as  the  various  classes 
seem,  they  have,  of  course,  a  number  of  characteristics  in  common.  They 
differ  fundamentally  from  the  thallophytes  and  bryophytes  in  having 
a  much  more  complex  sporophyte  plant.  They  also  have  well-developed 
leaves,  stems  and  roots,  and  a  true  vascular  system.  In  this  they  re¬ 
semble  the  spermatophytes  (seed  plants),  with  which  they  are  some¬ 
times  grouped  under  the  name,  “vascular  plants.”  They  are  unlike  the 
spermatophytes  in  that  they  do  not  produce  seeds,  although  this  is 
probably  not  so  basic  a  difference  as  was  once  believed,  for  fossil  plants 
have  been  found  with  the  general  characteristics  of  pteridophytes,  which 
did  produce  seeds.  In  contrast  to  the  bryophytes,  in  which  the  gameto- 
phyte  is  the  important  generation  and  the  sporophyte  parasitic  upon  it, 
the  pteridophyte  sporophyte  is  the  important,  independent  plant,  and 
the  gametophyte,  although  capable  of  independent  existence,  is  a  small, 
structurally  simple  plant  that  is  hardly  recognizable  as  a  fern  ( Fig.  157)  . 

The  important  advances  of  the  ferns  over  the  mosses  are  the  evolution 


of  the  conducting  tissues,  which  carry  water  and  food  from  one  part  of 
the  body  to  another,  and  permit  the  plants  to  grow  to  a  large  size,  and 
the  concomitant  evolution  of  woody,  or  fibrous,  supporting  tissues.  The 
fossil  tree  ferns  often  towered  to  a  height  of  100  feet,  and  although  pres¬ 
ent-da^  tempeiate  zone  ferns  are  small,  the  modern  tropical  tree  ferns 
a \  erage  around  .‘30  feet  and  do  achieve,  though  rarely,  a  height  of  70 
feet.  Ihe  latter  superficially  resemble  palm  trees,  having  an  erect,  woody, 
unbranched  stem  with  a  cluster  of  fronds  (compound  leaves)  at  the  top- 
actually,  they  are  unrelated  to  them. 

1  here  are  about  0000  species  of  pteridophytes  living  today  8000  of 
which  are  ferns;  the  rest  are  horsetails,  club  mosses  and  quillworts. 
\erns  \ue  commoil>  widespread  plants,  growing  best  in  moist,  shadv 
places,  but  some,  such  as  the  bracken  fern,  can  live  in  dry  environments 
lhe  common,  temperate-zone  ferns  usually  have  a  horizontal,  under¬ 
ground  stem,  from  which  arise  the  fronds.  The  leaves  of  ferns  cliarac 

Star  “  U'e  b“d  a"d  u"ro"  *"<>  expand  to  form  the 


Horsetails  are  widespread  plants,  too,  usually  less  than  15  inches  till 
occurring  from  the  tropics  to  the  Arctic,  on  all  continents  except  \nl’ 
tralia,  and  in  both  boggy  and  dry  places.  The  name  “horsetail”  ™  ' 

from  the  multiple-branched,  bushy  structure  of  many  t  A„T 
popular  name,  “scouring  rushes”  is  based  on  iko  f  \  n  J  i'  A  .  ther 
sand  and  silica  in  the  epidermis  give  the  plants  a  ha^tf  ^  .deposlts  ot 
In  this  capacity  they  'were  used  fo  centu  es  ^^0  '  ’  theT" 
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from  which  branch  jointed,  aerial  stems  and  subterranean  roots  (Fig. 
29) .  Since  the  leaves  are  small  and  rudimentary,  most  of  the  photo¬ 
synthesis  occurs  in  the  stem.  Some  of  the  stem  tips  develop  spore-bearing 
leaves,  analagous  to  those  of  the  true  ferns. 


Fig  29  Sketch,  half  natural  size,  of  a  horsetail,  Equisetum,  one  kind  of  pteridophyte. 
Inset,  natural  size,  the  cones  of  this  plant.  (Weatherwax:  Plant  Biology.) 


The  club  mosses  or  ground  pines  are  widespread  but  inconspicuous 
plants,  consisting  of  a  creeping  stem  which  gives  off  upright  stems  with 
conelike,  spore-bearing  structures  at  their  tips  (Fig.  SO) ,  and  thin,  flat, 

spirally  arranged  leaves.  .  .  , 

The  quillworts,  which  belong  to  the  same  class  as  the  club  mosses, 

are  superficially  quite  different  from  the  other  pteridophytes,  with  slen- 
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der,  quill-like  leaves  resembling  those  of  a  bunch  of  garlic  (Fig.  31) .  The 
leaves  are  attached  by  their  broad  bases  to  a  short  stem,  out  of  which 
the  roots  grow.  The  leaves  have  spore-bearing  organs  at  the  basal  end. 

11.  Spermatophyta.  The  spermatophytes,  or  seed  plants,  are  the  most 
highly  developed  and  widespread  phylum  of  plants.  The  150.000  or  so 
species  which  make  up  the  group  primarily  have  in  common  the  method 
of  reproduction  by  seeds  (see  p.  343) ,  but  vary  so  strikingly  in  size, 
shape  and  other  characteristics  that  it  is  questionable  whether  they 
constitute  a  single,  natural  group  which  arose  from  a  single,  common 


pterSonhvt!’  ^  natural.  size>  of  a  club  moss.  Lycopodium,  another  kind  of 

(WeatSx  'ptatttT  “  Stem'  Sh°Wing  ‘he  arrangement  the 


ancestor.  Another  important  characteristic  is  the  formation  of  pollen 
tubes.  These  organs  transfer  the  sperm  of  seed  plants  directly  to  the 

on8the  ’  “  COnftrast  to  the  lower  plants,  fertilization  is  not  dependent 
variety  Ten-e  °f  Water'  al,d  the  seed  P1”'^  can  reproduce  in'  a  wide 
the  dominant  la“ants  C°"tributed  Sreat|y  to  lhei''  becoming 

economically  *  important^  to  ^man  ™St  famiIiar  and 

erinenlants  Tl.  ,  man-trees,  shrubs,  vines,  grasses  and  flow- 

seedsl  ™  Classes  0f  ,he  PM'™  ace  the  gymnosperm,  (nnk«l 

tion^iPan„df  z  tjzzz  iir'r'  see,,z  wh‘ch  ^ 

angiosperms  are  formed  inside  a  fruit,’ 
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from  one  or  more  carpels  (see  p.  342)  of  the  flower.*  The  seeds  of  the 
gym  nosperms  are  borne  in  various  ways,  usually  on  cones,  but  they  are 
never  really  enclosed  as  are  angiosperm  seeds.  Seeds  have  contributed 
to  the  success  of  the  spermatophytes:  their  store  of  food  nourishes  the 
embryo  until  it  can  lead  an  independent  life;  their  tough,  outer  coat  pro- 


Fig.  31.  Sketch,  natural  size,  of  a  quillwort,  lsoetes,  another  kind  of  pteridophyte^To  the 
right  is  an  enlarged  view  of  the  spore-bearing  sporangium  at  the  base  of  a  leaf.  (t\eather- 

wax:  Plant  Biology.) 

tects  the  embryo  from  heat,  cold,  drying,  and  from  parasites;  and  they 
provide  a  means  for  the  dispersal  of  the  species  over  a  wide  area. 

Gymnosperms.  The  gymnosperms  have  no  flowers,  but  bear  t  eir 
seeds  on  the  inner  sides  of  scalelike  leaves  that  are  usual  y  arranged 
spirally  to  form  a  cone.  The  gymnosperms  are  woody  plants  which  do 
not  differ  greatly  in  their  structural  pattern  from  the  woody  angio- 

sperms. 

*  Some  angiosperms  which  seem  to  violate  this  rule  and  have  exposed  seeds-for  example 
whea^aiH^sunflowers — really  do  have  enclosed  seeds,  for  the  structure  couuuouly  called  the 

seed  is  actually  a  fruit,  enclosing  the  true  seed. 
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At  the  present  time  the  species  of  gymnosperms  number  only  about 
0000,  but  in  former  geologic  times  there  were  many  more,  and  they  were 
the  dominant  land  plants.  Today,  the  living  gymnosperms  are  divided 
into  four  orders:  the  conifers,  the  cycads,  the  ginkgos  and  the  gnetales. 
Three  other  orders  are  known  only  from  fossil  forms.  Many  of  the  plant 
fossils  found  in  deposits  of  coal  and  once  thought  to  be  ferns,  are  now 
known  to  have  produced  pollen  and  seeds,  and  hence  to  have  been 
spermatophvtes.  These  are  called  “seed  ferns.” 
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The  conifers  are  important  economically  as  the  source  of  more  than 
75  per  cent  of  the  wood  used  in  construction,  and  in  the  manufacturing 
of  paper  and  plastics.  Some  of  them  produce  resins  necessary  for  making 
turpentine,  tar  and  oils.  A  few  conifer  seeds — for  example,  the  pine 
“nuts” — are  used  as  food,  and  the  berries  of  juniper  produce  aromatic 
oils  used  for  flavoring  alcoholic  beverages,  such  as  gin. 

The  cycads  live  mainly  in  tropical  and  semitropical  regions  and  have 
either  short,  tuberous,  underground  stems  or  erect,  cylindrical  stems 
above  the  ground.  Their  large,  compound,  divided  leaves  (Fig.  32)  make 
them  look  very  much  like  ferns  or  miniature  palm  trees,  for  which  they 
are  frequently  mistaken. 

The  ginkgo,  or  maidenhair  tree,  is  the  only  living  representative  of  a 
once  numerous  and  widespread  order.  It  survived  in  China  and  Japan, 


Fig.  33.  Ginkgo  twigs.  Left,  A  cluster  of  mature  seeds;  center, 
ovules;  right,  a  twig  with  leaves  and  pollen  cones.  (Fuller,  H. 
Holt  and  Co.,  Inc.) 


a  twig  with  leaves  and  young 
J.:  The  Plant  World,  Henry 


where  ,t  was  cultivated  “  an  ornamental  tree  because  ^ 

fan-shaped  leaves,  which  it  sheds  in  the  fall  (r.g-  )  •  or’ female 

introduced  into  other  countries.  A  given  tree  is  either  male  or  tei 
Lnd  Droduces  but  one  kind  of  cone.  When  an  egg  is  fertilized  and  ma¬ 
tures"  the  Inner  seed  covering  becomes  hard  while  the  on  er  covering 
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in  the  desert  in  southwest  Africa,  and  consisting  of  a  short,  thick  trunk, 
partly  imbedded  in  the  soil,  from  which  two  long,  flat,  leathery  leaves 
grow  out  along  the  ground  (Fig.  34) .  Although  the  plant  may  live  for 
centuries,  it  never  produces  more  than  these  two  leaves,  which,  sub¬ 
jected  as  they  are  to  the  sand  and  windstorms  of  the  desert,  eventually 
become  very  tattered. 

Angiospervis.  The  angiosperms,  or  true  flowering  plants,  are  charac¬ 
terized  by  seeds  which  develop  within  a  closed  ovary.  They  are  ex¬ 
tremely  diverse  and  widespread,  ranging  from  the  tiny  duckweed  with 
a  body  less  than  a  tenth  of  an  inch  in  length,  and  with  no  distinct  root, 


Fig.  34.  Sketch  of 
Africa.  These  plants 
Oliver.  Weatherwax: 


Wdwitschia  plants  in  their  native  habitat,  the  desert  of  southwestern 
are  gymnosperms,  members  of  the  group  Gnetales.  (After  Kerner  and 
l  lant  Biology.) 


"  w;kf  !"ch  PJrodu.ce1s.  t"'.y  flowers  and  fruits,  to  trees  exceed- 
g  .0°  feet  in  height,  and  weighing  hundreds  of  tons.  Some  angiosperms 
live  completely  under  water,  others  in  extremely  arid  deserts  The 
majority  are  autotrophic,  but  some,  such  as  the  orchid,  Indian  pipe  and 

*s 

and  roots  present  a  bewildering  variety  of  forms  hn  Ell  eaves 

develop  flowers  which  h-nm  .  f  i  '  ,  .  rms»  but  all  angiosperms 

differ  from  the  gymnosperms  in"  * S'milarity  °f  patte™  ' They 

x.vlem  vessels;  in' the  formation  of  ft'  >"ndanc]e  and  prominence  of  the 

of  a  pistil  through  which  the  pollen  t"l°'S  fnnts;  ,n  tlle  formation 

(see  p.  s«f  (in  gymnosperms  ShST,*  fach  the  ovlde  ™d 
the  ovu,e  -  ** 
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reduction  of  the  gametophyte  generation  to  a  few  cells  completely 
parasitic  on  the  sporophyte. 

The  angiosperms  are  divided  into  two  subclasses,  the  monocotyledons 
and  the  dicotyledons,  which  differ  in  the  following  ways: 

(a)  The  embryo  in  the  monocot  seed  has  only  one  leaf,  or  cotyledon; 
the  dicot  embryo  has  two. 

( b )  The  leaves  of  monocots  have  parallel  veins  and  smooth  edges; 
those  of  dicots  have  veins  which  branch  and  rebranch  and,  usu¬ 
ally,  edges  which  are  lobed  or  indented. 

(c)  The  flower  parts  of  monocots — petals,  sepals,  stamens  and  car¬ 
pels — exist  in  threes  or  multiples  of  three;  dicot  flower  parts  usu¬ 
ally  occur  in  fours  or  fives,  or  a  multiple  of  one  of  those  numbers. 

( d )  Bundles  of  xylem  and  phloem  vessels  are  scattered  throughout 
the  stem  of  monocots;  in  dicots,  the  xylem  and  phloem  vessels 
occur  either  as  a  single,  solid  mass,  running  up  the  center  of  the 
stem,  or  as  a  ring  between  cortex  and  pith. 

There  are  a  great  many  different  families  of  both  monocots  and 
dicots,  each  of  which  usually  takes  its  name  from  some  conspicuous 
member.  Among  the  30,000  or  so  species  of  monocots  are  the  grasses, 
palms,  lilies,  orchids  and  irises.  The  chief  dicot  families  are  the  butter¬ 
cup,  mustard,  rose,  maple,  cactus,  carnation,  primrose,  phlox,  mintbean, 
parsley  and  aster. 

There  is  a  difference  of  opinion  about  the  evolutionary  relationships 
of  the  spermatophytes,  but  many  botanists  regard  the  monocotyledons 
as  having  evolved  from  dicotyledon  ancestors.  Whether  the  angiosperms 
evolved  from  the  gymnosperms  or  whether  they  both  evolved  inde¬ 
pendently  from  pteridcphytes  is  debatable. 


QUESTIONS 

1 .  What  is  the  outstanding  way  in  which  plants  differ  from  animals? 

2.  Explain  why  green  plants  are  dependent  upon  the  sun  for  nourishmen  . 

3  Exactly  what  part  in  photosynthesis  does  the  energy  from  light  play. 

4.  Why  is  respiration  vital  to  life?  Distinguish  between  the  process  of  respiration  and 

‘^“wilCratomporlation  system,  how  Ho  cells  ol  the  simple  plants  obtain  nourish- 
men  t  ^ 

fi  What  is  tropism?  Give  an  example  from  your  own  observation. 

?:  mat  is  Ae  relationship  between  a  family  and  a  species?  Between  a  genus  and  a  class? 

"h^L^ity^ahe  fungi  sets  them  off  from  other  plants? 

9.  What  is  meant  by  parasitism?  Is  it  exemplified  by  lichens. 

10.  Distinguish  between  sexual  and  asexual  reproduction 

11.  What  is  a  fruiting  body?  How  dd°edS.^  ^jf"Je7eby“  a^d^lTnts  developed  from  marine 

12.  my  was  the  process  so  long  and  difficult  whereoy  lanu  put 

P  13  Explain  the  function  of  leaves,  stems  and  roots.  ? 

H.  What  is  the  important  advance  of  the  ferns  over  the  mosses? 
in  Whit  is  the  distinguishing  characteristic  of  the  sperma  p  J 

(n^  a  tulip  (6)  a  mushroom,  (c)  moss,  ( d )  bacteria  te;  gra  ,  y,, 
hedge?  Are  any  of  these  fundamentally  similar?  In  what  ways. 
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CHAPTER  6 


THE  STRUCTURE  AND  FUNCTIONS 

OF  A  SEED  PLANT 


SINCE  the  spermatophytes  are  the  most  widespread,  familiar  and, 
for  man,  the  most  useful  of  plants,  let  us  examine  the  structures  of  a 
typical  seed  plant — the  root,  stem,  leaf  and  flower — and  see  how  their 
functions  are  related. 

I.  THE  ROOT  AND  ITS  FUNCTIONS 

The  most  obvious  function  of  the  root  is  to  anchor  the  plant  and 
hold  it  in  an  upright  position;  to  do  this,  it  branches  and  rebranches 


Fig  35.  Diagrammatic,  enlarged  view  of  the  tip  °|  a  p’ 

g  (Fuller  H.  J.:  The  Plant  World,  Henry  Holt  and  Co.,  inc.; 


root  hairs. 


extensively  through  the  soil. 

Ztde^ha^'fhe  sU-m1' brakes, "so  that  the  total  surface  exposed  by 
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them  often  exceeds  that  of  the  stem.  The  second,  and  biologically  more 
important,  function  of  the  root  is  the  absorption  of  water  and  minerals 
from  the  soil,  and  the  conduction  ol  these  substances  to  the  stem.  In 
some  plants — for  example,  carrots  and  beets — the  roots  have  still  another 
function  as  storage  places  for  large  quantities  of  food. 

The  tip  of  each  root  is  covered  by  a  protective  root  cap,  a  thimble¬ 
shaped  covering  of  cells  which  fits  over  the  rapidly  growing  embryonic 
(meristematic)  region  (Fig.  35).  The  outer  part  of  the  root  cap  is 
rough  and  uneven  because  its  cells  are  constantly  being  worn  away  as 


1  ig.  36.  Development  of  a  root  hair  from  an  epidermal  cell  of  a  root: 
later  stages  above.  A,  Vacuoles;  B,  cytoplasm;  C,  nucleus;  D,  cell  walls. 
I  lant  World,  Henry  Ilolt  and  Co.,  Inc.) 


earlier  stages  below, 
(Fuller,  H.  J.:  The 


the  root  pushes  through  the  soil.  Above  the  region  of  rapid  cell  division 
is  another  in  which  the  newly  formed  cells  elongate  to  the  adult  size 
e  embryonic  and  elongation  regions  together  are  seldom  more  than 

:ccmu‘X:.  °r  tW°  m  length-  b,,t  near,y  a11  the  e-wth  Of Te  root 

Above  this  growing  region  is  the  root  hair  zone  q«\  u  • 

constantly  being  exposed  to  new  regions  oitlf !  '  'S 

s  SKtss  Sri  H 

h.i,  i. 
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dermal  cell.  Hoot  hairs  are  numerous;  investigators  have  found  as  many 
as  2000  on  a  bit  of  corn  root  1  mm.  long.  As  the  root  elongates,  the  root 
hairs  of  the  older  region  gradually  die  and  make  room  for  the  new  ones 
being  formed,  so  that  only  a  short  segment  of  the  root  has  living  hairs  at 
any  one  time. 

A  cross  section  of  a  root  in  the  root  hair  region  (Fig.  37)  reveals  a 
highly  organized  structure.  The  outermost  layer  of  cells,  the  epidermis, 
produces  the  root  hairs  and  protects  the  underlying  cells.  Just  inside 
the  epidermis  is  the  cortex  layer,  made  of  large,  thin-walled,  roughly 
spherical  parenchyma  cells  which  serve  as  avenues  for  the  conduction 
of  minerals  and  water,  and  are  important  as  storage  places  for  food.  A 
single  layer  of  cells,  the  endodermis,  separates  the  cortex  from  the  un¬ 
derlying  layers  of  vascular  tissue.  In  the  older  parts  of  the  root  the 
endodermis  is  thick  and  contains  a  material  which  prevents  the  dif¬ 
fusion  of  water  into  the  cortex.  Just  under  the  endodermis  is  a  layer 


Root  Hoir 

Intercellular  Space 


Passage  Cell 


Sieve  Tubes  of 
Phloem 


Xylem  Vessels 


Endodermis 

Pericycle 


Fig.  37.  Cross  section  of  a  root  near  its  tip  where  root  hairs  are  present 

of  cells  the  pericycle,  capable  of  growing  and  dividing  to  produce  new 
cells  which  develop  into  branch  roots.  Within  the  per, cycle  lies  the 
xylem.  usually  arranged  in  the  form  of  a  star,  or  l.ke  the  spokes  of  a 
wheel,  and  composed  of  thick-walled,  rounded  conduct™  ce  s  Between 
ndiacent  ooints  of  the  xylem  star  are  small  groups  of  phloem  cells, 
smaller  and  thinner-walled  than  the  xylem,  which  bring  to  the  roots  food 

m  anrethrwaterln  the  soil  is  a  solution  of  inorganic  salts,  hypotcnic 

£vstzi  £  st * s  st  ytrpif 
s:  St 

,5oPot  aid  stem.  Since  water  is  constantly  escaping  from  the  leaves, 
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new  sugars  are  formed  in  the  leaves  and  sent  via  the  phloem  to  the 
roots,  the  hypertonicity  of  the  root  sap  is  maintained  and  further  ab¬ 
sorption  of  water  is  possible. 

The  entrance  of  inorganic  salts  is  accomplished  partly  by  simple  dif¬ 
fusion,  since  the  concentration  of  salts  in  the  soil  is  usually  higher  than 
that  in  the  root  cells.  But  certain  roots,  at  least,  are  able  to  take  in 


I'.g.  38.  Types  of  root  systems  in  plants.  A,  The  diffuse  root  system  of  a  mass-  B  the  tan  rout 
system  of  a  carrot.  (Fuller,  H.  J,  The  Plant  World,  Henry  Holt  Ll  Co.',  hoT 


inorganic  salts  by  processes— as  yet  not  well  understood— which  requin 

saltsTnPrn'th  °n  enCrgy'  I!ucause  the  sa>’  contains  these  inorgani. 

-  - »« -- 

•'  fEiETEE t-  r* 

!l—  C:  Ss 


I.  THE  STEM  AND  ITS  FUNCTIONS 

the  connecting-link  'between  the'roots^^wher^wate^an^ndnerab'ent 
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the  plant,  and  the  leaves,  which  manufacture  food.  The  vascular  tissues 
of  the  stem  are  thus  continuous  with  those  of  root  and  leaf,  providing 
a  pathway  for  the  exchange  of  materials  and  enabling  the  stem  to  sup¬ 
port  the  leaves  in  a  position  to  receive  maximum  sunlight.  Roots  and 
stems  are  sometimes  confused,  for  many  kinds  of  stems  grow  under¬ 
ground  and  some  roots  grow  in  the  air.  Structurally  the  two  are  quite 
different:  stems,  but  not  roots,  have  nodes  giving  rise  to  leaves,  and 
the  tip  of  a  root  is  always  covered  by  a  root  cap,  whereas  the  tip  of  a 
stem  is  naked,  unless  it  terminates  in  a  bud.  Moreover,  there  are  cer¬ 
tain  differences  in  the  arrangement  of  xylem  and  phloem  in  the  two 
structures. 

Plant  stems  are  either  herbaceous  or  woody.  The  soft,  green,  rather 
thin  herbaceous  stems  are  typical  of  plants  called  annuals.  Such  plants 
start  from  seed,  develop,  flower,  and  produce  seeds  within  a  single  growing 
season,  dving  before  the  following  winter.  Another  type  of  herbaceous 
plant  is  the  biennial,  which  has  a  two-season  growing  cycle.  During  the 
first  season,  while  the  plant  is  growing,  food  is  stored  in  the  root  Then  the 
top  of  the  plant  dies  and  is  replaced  by  another  top,  which  produces  seeds 
during  the  second  growing  season.  Carrots  and  beets  are  biennials. 

Quite  different  from  both  the  herbaceous  annuals  and  biennials  are 
the  woody  perennials,  which  live  longer  than  two  years  and  have  a 
thick,  tough  stem,  or  trunk,  covered  with  a  layer  of  cork.  A  tree  is  a 
woody-stemmed  perennial  that  grows  some  distance  above  ground  be¬ 
fore  it  branches,  and  so  has  a  main  stem  or  trunk.  A  shrub  is  a  woody 
perennial  with  several  stems  of  roughly  equal  size  above  the  ground 
line.  It  is  generally  believed  that  woody  stems  are  more  primitive  than 
herbaceous  ones,  all  the  available  evidence  indicating  that  the  first  true 
seed  plants  were  woody-stemmed  perennials.  In  past  geological  ages  such 
plants  grew  as  far  north  as  Greenland,  but  with  the  change  in  climate 
toward  the  end  of  the  Mesozoic  era,  some  of  these  plants  were  killed 
bv  the  advancing  cold  and  the  species  forced  to  retreat  toward  the 
equator  Still  other  woody  plants  became  herbaceous  by  evolving  a  life 
cycle  in  which  growth  and  flowering  were  completed  m  the  warm  sum¬ 
mer  of  a  single  year,  the  rigors  of  the  winter  being  withstood  by  cold- 

csa-tr-w: 

rfndPan  ton®  cluster  of  xvlem  cells,  separated  by  a  layer  of  grow- 
togS meristematic  tissue,  the  cambium  (Fig  S») .  Between  rtie  vascular 
bundles  he  groups  of  cells 

SnXi^-^-and  phloem  to  those  inner  and  outer 
Parts-  .  ■,  iOTltc  ramble  herbaceous  ones  during  their 
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an  additional  layer  of  xylem  and  phloem.  The  yearly  deposits  of  xylem 
form  the  annual  rings  (Fig.  40) .  These  can  be  distinguished  because 
the  xylem  vessels  formed  in  the  spring  of  the  year  are  larger,  and  hence 
appear  lighter,  than  those  formed  in  the  summer.  Only  the  youngest, 
outermost  layer  of  xylem,  known  as  the  sapwood,  carries  sap  to  the 


theT^  ‘T-  layCTS  °f  dCad'  hard  Xylem  cells  and  fibers,  known  as 
the  heartwood,  increase  the  strength  of  the  stem,  in  order  to  accommo- 

e  e  increasing  load  of  foliage  as  the  plant  grows  The  width  f  ,  i, 
by  examining  the  rings  of  old  trees.  An  inteJ^S^tTS  X 
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sort  of  study  is  the  investigation  to  determine  approximately  when  the 
Indian  pueblos  of  the  Southwest  were  built,  by  comparing  the  annual 
rings  of  the  logs  used  in  their  construction  with  those  of  trees  whose  year 
of  felling  is  known. 

The  cambium  is  also  important  in  the  healing  of  wounds.  When  the 
stem’s  outer  layer  is  removed  through  injury,  the  cambium  grows  over 
the  exposed  area,  and  differentiates  into  new  xylem,  phloem  and  cam¬ 
bium,  each  of  which  is  continuous  with  the  same  type  of  tissue  in  the 
uninjured  part  of  the  plant.  The  cells  of  the  outer  cortex  of  most  woody 
plants  undergo  division  to  form  a  second,  cork  cambium;  since  the  di¬ 
visions  usually  occur  unequally  and  irregularly,  the  bark  produced  is 
rough  and  full  of  ridges.  These  outer  cork  cells  become  impregnated 
with  a  waterproof,  waxy  material  and  eventually  die  and  fall  off,  partly 


Cork  cambium 
.  Parenchyma 
....  Ray 
—  Cambium 
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Kg.  40.  Diagram  of  a  four  year  old  woody  stem,  showing  transverse,  radial  and  tangential 

sections.  (Weatherwax:  Plant  Biology.) 

under  the  stress  of  wind  and  rain,  partly  because  of  the  outward  pres- 
SUT\:fepMerm"inof  a  yoTn^wi"  has  openings  (stomata)  like  those  of 

MsM  mismm 

the  lenticels  remain  permanently  °PelJ-  bundles  of  xylem  and 

The  stems  of  monocots  are  circular 

phloem  cells  which  instead l  o 1  being  :  ^  ^  ^  djcotS;  the  phloem 

layer,  are  scattered  thioug  i  „  an(j  ti,c  xylem  is  in  the  inner 

£  layer 'oTcandiium,  and  the  cells  of  all  the 

tiS0U„eStheesuXdceC ol  an'activ^growing  stem  are  a  number  of  familiar 


85 


The  Structure  and  Functions  of  a  Seed  Plant 

structures,  the  most  obvious  of  which  are  the  buds  and  leaves  (Fig. 
41) .  The  point  on  the  stem  where  a  leaf  develops  is  called  a  node,  and 
the  section  between  two  nodes  is  called  an  internode.  Internodes  may  be 
short  or  up  to  several  inches  in  length.  In  the  upper  angle  of  the  point 
of  junction  of  a  leaf  with  the  stem,  a  bud  usually  appears,  called  a 
lateral  or  axillary  bud  to  distinguish  it  from  the  terminal  bud  at  the 
tip  of  the  stem.  A  bud  consists  of  a  number  of  embryonic  leaves,  a  grow¬ 
ing  point,  and  a  series  of  outer  protective  scales,  which  in  some  species 
give  off  a  thick,  gummy  secretion,  and  have  a  dense  covering  of  hairs 
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Fig.  A,  Buckeye  twig,  showing  buds  and  scars;  H,  longitudinal  section  through  a  terminal 
bud  Irom  a  hickory  tree.  (Weatherwax:  Plant  Biology.) 

lo  increase  their  protective  value.  In  some  species  the  leaves  within  the 
buds  are  airly  well  developed,  so  that  their  ultimate  shape  cln  be  d^ 
g  ished,  in  others  they  are  shapeless  rudiments. 

fai|  r  termmal.  bud  begins  to  grow  in  the  spring,  its  covering  scales 
all  off  leaving  a  ring  of  scars.  These  scars,  which  mark  the  position  of 

season,  may  S 

counting  its  terminal  bud  scarPS°SS  ^  the  age  °f  a  twi«  h-v 

or  act! tit^heier^i^r 

tree,  the  twig  produced' v'  the  SS™ i's  muiT more*  ^ 
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than  those  produced  by  lateral  buds,  and  the  main  trunk  and  its 
branches  grow  straight  upwards.  But  plants  with  vigorous  lateral  buds 
give  rise  to  strong,  horizontal  branches,  resulting  in  a  spreading  shape. 

In  addition  to  these,  and  the  bud  scars  and  lenticels  already  men¬ 
tioned,  other  structures  visible  on  the  surface  of  a  twig  are  the  leaf 
scars,  left  when  the  stalk  of  a  leaf  breaks  away  from  the  twig,  and 
fruit  scars,  left  in  a  similar  way  by  the  breaking  off  of  fruit. 

It  is  possible  to  show  experimentally  that  in  the  stem,  water  and  salts 
are  carried  upward  in  the  xylem,  and  organic  materials  are  carried 
downward  in  the  phloem.  If  a  cut  is  made  all  around  a  stem,  deep 
enough  to  penetrate  the  phloem  and  cambium,  but  not  the  xylem,  the 
leaves  remain  in  good  condition  and  do  not  wilt  for  some  time,  indi¬ 
cating  that  they  are  receiving  water  by  way  of  the  xylem.  The  parts 
of  the  plant  above  the  injury  also  continue  to  grow  in  diameter,  show¬ 
ing  that  they  are  receiving  food  products  from  above,  via  the  phloem 
but  the  parts  below  the  injury  cease  growing  and  sooner  or  later  die 
By  special  techniques  it  is  possible  also  to  cut  the  inner  xylem  of  a 
stem  without  disturbing  the  phloem.  When  this  is  done,  the  leaves  wilt 
and  die  immediately,  indicating  again  that  almost  all  the  water  reaches 
them  via  the  xylem.  Furthermore,  if  the  cut  end  of  a  stem  is  placed  in 
water  containing  a  dye,  the  xylem  vessels  become  colored. 

Two  factors  are  mainly  responsible  for  the  transport  of  water  by  the 
xylem-  root  pressure  and  transpiration.  Transportation  of  food  by  the 
phloem  is  due  in  part  to  simple  diffusion,  and  in  part  to  energy-consuming 
processes  similar  to  those  involved  in  the  intake  of  minerals  by  the  roots. 


III.  THE  LEAF  AND  ITS  FUNCTIONS 

Since  the  purpose  of  leaves  is  to  facilitate  photosynthesis,  they  are 
usually  broad,  flat  structures  which  expose  a  large  surface  to  sunlight. 
The  leaf  of  dicots  consist  of  a  stalk,  called  the  petiole,  by  which  it  is 
attached  to  the  stem,  and  a  broad  blade,  which  may  be  one  simple 
structure,  or  a  compound  one,  with  two  or  more  parts  The  petiole  may 
be  short,  and  in  some  species  is  completely  lacking  Like  a  stem  in  cross 
section  it  is  composed  of  vascular  bundles,  attached  at  one  end  to  those 
of  the  kern,  at  the  other  end  to  the  blade.  Thus  it  forms  the  midrib  of 

the  leaf  and  branches  into  a  network  of  veins. 

A  microscopic  section  through  a  leaf  (Fig.  42)  shows  .t  to  be  com- 
nosed  of  several  types  of  cells.  The  outer  cells,  both  top  and  bottom, 
make  up  a  colorless,  protective  layer  called  the  epidermis  which  secretes 
the  waxv  material,  cutin.  The  epidermal  cells— thm  tough,  firm-walled 
and  translucent— are  well  constructed  to  give  protection  and  yet  admit 
livht  Scattered  over  the  epidermal  surface  are  many  small  pores 
(stomata)  each  surrounded  by  two  guard  cells  which,  by  changing 
heTshape  control  the  escape  of  water  and  the  exchange  of  gases.  Tn 
contrast  to  the  epidermal  cells,  the  guard  cells  contain  chloropla  ts. 
There  are  fifty  to  500  stomata  per  square  millimeter  of  leaf  many  more 

mmsmmmz 
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come  together  to  close  the  stomata  openings,  thereby  conserving  the 
remaining  water. 

Most  of  the  space  between  the  upper  and  lower  layers  of  the  leaf 
epidermis  is  filled  with  thin-walled  cells,  called  mesophyll,  which  are 
full  of  chloroplasts.  The  mesophyll  cells  fit  together  rather  loosely  with 
much  air  space  lying  between  them.  In  most  leaves  the  mesophyll  layer 
next  to  the  upper  epidermis  is  made  of  cylindrical  cells,  called  palisade 
cells,  so  arranged  that  their  long  axes  are  perpendicular  to  the  epidermal 
surface. 

The  veins  of  a  leaf  branch  and  rebranch  frequently  to  join  one  an¬ 
other  in  an  extremely  fine  network,  so  that  no  mesophyll  cell  is  far 
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Lower  Epidermis 


A 
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Fig.  42.  Section  through  a  lilac  leaf,  showing  a  small  vein.  (Weatherwax:  Plant  Biology.) 


'“I‘‘  Vein  The  xylem  of  each  vein  lies  above  the  phloem,  and  in  the 
sieve  tubes'’S  ^  °nly  3  f®W  Xylem  ducts  and  a  few  Phloem 

-iaisrisiss.i  as:  jssLtss 

remains  whence  le^TaUs  of  Wh  • T *  3  Pr°tective  lay«  which 

is  held  on  only  by  fe ep  lermis^  w"tl  f  T\  ^  f°med'  the  petiole 

The  change  in  color  of  the  leaves  ifeffecteTltlytrthfd0"'"  bU".d!eS- 
of  the  green  chlorophyll  which  exnnsp*  ti  y  *  le  decomposition 

orange  carotene,  previously  hidden  bv  the  *  yC-°W  xanthoPhyH  and 
the  formation  /red  a"d  P-^  b.V 

sap.  *  1  p  gments  anthocyamns — in  the  cell 
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1.  Transpiration.  Since  the  leaves  of  a  plant  are  normally  exposed  to 
the  air,  they  must  lose  moisture  by  evaporation  if  the  air  is  dry:  the 
sun’s  heat  vaporizes  the  water  from  the  surfaces  of  the  mesophyll  cells, 
and  the  resulting  water  vapor  passes  through  the  stomata  and  escapes. 
This  loss  of  water  is  called  transpiration.  The  process  may  occur  in  all 
parts  of  a  plant  exposed  to  air,  but  most  of  it  takes  place  in  the  leaves, 
which  can  regulate  its  rate  to  some  extent  by  opening  or  closing  the 
guard  cells.  In  sunlight  an  average  plant  will  transpire  about  50  cc.  of 
water  per  square  meter  of  leaf  surface  per  hour.  This  means  that  a  single 
corn  plant  uses  more  than  50  gallons  of  water  in  a  growing  season,  and 
a  medium-sized  tree  transpires  that  much  in  a  single  day.  An  acre  of 
many  different  crops  takes  500  to  1500  tons  of  water  from  the  soil,  and 
the  water  vaporized  from  the  leaves  of  trees  in  a  forest  is  enough  to 
influence  significantly  the  rainfall,  humidity  and  temperature  of  the 
region.  The  plant  cannot  close  its  stomata  completely  on  a  hot  dry 
day  and  so  prevent  transpiration,  for  that  would  prevent  the  intake  o 

carbon  dioxide  necessary  for  photosynthesis. 

Transpiration  contributes  to  the  economy  of  the  plant  not  only  by 
cooling  the  leaves,  in  a  manner  analogous  to  the  evaporation  of  sweat 
in  animals,  but  by  concentrating  in  the  leaves  the  dilute  solutions  o 
minerals  absorbed  by  the  roots,  and  by  assisting  the  upward  movement 
of  water  through  the  stem. 

When  it  was  discovered  that  all  the  water  used  by  a  plant  enters 
through  the  roots,  and  that  none  comes  in  through  the  leaves  botams  s 
wondered  how  the  terrific  pressures  necessary  to  force  water  to  the  tops 
of  tall  trees  could  be  generated.  At  present  it  is  believed  that  the  ascent 
of  sap  is  brought  about  by  both  transpiration  and  root  pressure  Root 
pressure  is  the  positive  force  generated  by  the  hypertonicity  of  the  s  p 
in  the  roots  to  the  water  in  the  surrounding  soil.  It  was  formerly  believed 
that  the  pressure  so  generated  by  the  roots  was  comparatively  small, 
but  recently  it  was  found  that  an  error  lay  in  the  method  of  measure- 

raent.  With  better  techniques  it  was  proved  that  .evened ^e^h 
_  the  tomato  can  generate  a  root  pressure  of  12  atmospheres,  enoi  b 
to  move  water  to  a  height  of  384  feet.  In  the  spring  before  leaves  have 
\  t  1  root  pressure  is  almost  the  sole  cause  of  the  rise  of  sap.  In 
thTsummer’il  rises  much  more  rapidly,  aided  by  the  process  of  trans- 
•  tion  Since  water  is  constantly  evaporating  from  the  surface  of  t 

and  the  leaf  cells  are  continually  producing  sugar,  they  are  hyper- 
leaf,  and  the  leal  c  f  the  leaf  and  consequently  draw  water 

tonic  to  the  sap  the  xvlem  vessels.  The  negative  pressure  gen- 

frorn  the  upper  ends  of  the  „  atmospheres.  The  water  col- 

emnsd  being  u Jto  Son  from  above,  a're  slightly  stretched,  but  water 
umns,  ben  g  i*  _  tna-pther  imparting  a  considerable 

molecules  have  a  column  wiUrin  a  xylem  vessel.  Thus 

tensile  strengt  0  „  t  (||C  t0p  0f  the  column,  and  the  ten- 

transpiration  provides  \  1  together  carrying  this  force 

dency  for  the  water  molecules  to >  st id, ^ogeUier,  ^  ^  Qf 

through  the  length  of  1  ic  ^  cm  ^  ^  t  of  the  water  reaching 

in  transpiration. 
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IV.  THE  STORAGE  OF  FOOD 

Although  in  sunlight  a  green  plant  may  produce  more  than  twenty 
times  as  much  food  as  it  is  using  at  the  moment,  at  other  times — during 
the  night  and  winter — it  consumes  much  more  than  it  makes  and  there¬ 
fore  must  accumulate  reserves  to  tide  it  over  periods  when  photo¬ 
synthesis  cannot  be  carried  on.  Plants  deposit  stores  of  food  in  their 
seeds  to  carry  the  embryo  through  until  the  seed  has  sprouted  and  the 
new  plant  has  developed  a  functional  root,  stem  and  leaf.  Plants  which 
shed  their  leaves  each  fall  must  put  away  a  reserve  of  food  in  the  stem 
or  root  to  carry  it  through  the  winter  and  provide  energy  for  the  growth 
of  new  leaves  in  the  spring.  This  stored  food  must  be  in  some  insoluble 
form  lest  it  diffuse  away,  and  the  usual  form  of  storage  is  starch,  de¬ 
posited  in  the  parenchyma  of  the  root  and  stem.  It  is  primarily  this 
starch  which  provides  the  food  value  of  potatos,  onions,  carrots,  turnips, 
sweet  potatos,  and  so  on. 


V.  THE  ECONOMIC  IMPORTANCE  OF  PLANTS 

We  are  completely  dependent  upon  plants,  both  directly  for  food  and 
indirectly  for  the  food  they  supply  to  the  animals  from  which  we  get 
our  protein.  Food,  seasonings,  beverages,  as  well  as  a  variety  of  drugs, 
are  derived  from  all  parts  of  plants:  roots  (radishes,  sarsaparilla,  sweet 
potatoes);  stems  (garlic,  sugar  cane);  leaves  (lettuce,  spinach);  flowers 
(artichokes);  seeds  (corn,  nuts,  cocoa,  coffee,  nutmeg,  mustard);  and 
fruits  (berries,  squash,  eggplant,  apples). 

The  list  of  nonfood  products  used  in  everyday  life— including  such 
things  as  paint,  rubber,  soap  and  cotton,  and  representing  a  diversitv 
of  plant  organs  and  secretions — is  almost  endless. 


QUESTIONS 

by  some  "rooW  imP°rtant  f,""'lions  Ho  ro°ls  I*rform?  What  is  a  third  function  performed 
2.  What  is  sap? 

ste3m?mat  are  tlle  in,p"rla"1  SlnK'lUral  aml  differences  between  a  root  and  a 

4.  What  is  an  “annual?” 

5.  Are  biennials”  herbaceous  or  woody? 

6.  Why  can  the  age  of  trees  be  determined  from  their  rings? 

N  Wl  Y  ^r  1  P  ^nt  ^  ^oes  not  rece've  sufficient  water? 
o  T;hatJ1S  transpiration,  and  why  is  it  important? 
y.  How  does  water  reach  the  top  of  tall  trees? 

SUPPLEMENTARY  READINGS 

M''pany,  lt“  939nd'rSOn'  ”  "  !  ^  York,  D.  Van  Nostrand  Com- 

One  of  the  standard  texts  of  plant  physiology. 

A  detailed,  advanced^refere^text.  ^  ^  ^  McGraw-Hi11  B<>ok  Company,  Inc.,  1938. 
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CHAPTER  7 


THE  ANIMAL  KINGDOM 


TO  CATALOGUE  the  vast  array  of  animals,  zoologists  use  a  classifica¬ 
tion  system  similar  to  the  one  used  by  botanists,  consisting  of  species, 
genera,  families,  orders,  classes  and  phyla.  We  noted  in  Chapter  5  that 
a  good  classification  must  be  natural,  based  upon  the  observation  of 
similarities  of  structure  and  development.  It  is  not  proper  to  classify 
bats  with  birds  because  they  both  happen  to  fly,  or  whales  with  fishes 
because  they  both  live  in  the  sea-.  Studies  of  the  anatomy  and  develop¬ 
ment  of  bats  and  whales  show  them  to  have  many  characteristics  in 
common,  and  indicate  their  origin  in  similar,  primitive  ratlike  or  shrew- 
like  mammals.  Thus  both  are  members  of  the  class  Mammalia.  Birds 
and  fishes,  which  differ  as  much  from  bats  and  whales  as  from  each 
other,  belong  to  different  classes — Aves  and  Osteichthyes,  respective  y. 

In  the  study  of  taxonomy,  then,  superficial,  accidental  similarities 
must  be  differentiated  from  the  significant,  fundamental  ones.  Those 
structures  of  various  animals  which  arise  from  common  rudiments  and 
are  similar  in  basic  plan  and  development  are  called  homologous. 
Analogous  structures,  in  contrast,  are  similar  only  in  function  Accor  ‘ 
ingly,  the  arm  of  a  man,  the  wing  of  a  bird  and  the  pectoral  (front)  n 
of  a  fish  (Fig.  43)  are  all  homologous,  with  a  basically  similar  structural 
plan  and  similar  embryonic  origins.  But  the  wing  of  a  bird  and  the  wing 
of  a  butterfly  are  simply  analogous,  enabling  their  possessors  to  fly  but 
having  no  developmental  processes  in  common.  Structures  may  be  both 
homologous  and  analogous;  for  example  the  wings  of  birds  and  bats 
have  a  similar  structural  plan  and  development,  as  well  as  the  same 
function.  The  study  of  structures  and  their  development  to  prove 
homologies  often  plays  an  important  part  in  determining  the  relatio  - 

ShiB^:uIeeTliaSs  have  essentia, .y  the  same  problems  to  solve  in 
order  to  survive,  there  is  a  basic  unity  of  life,  so  that  a  discovery  about 
one  form  has  universal  application.  It  is  obvious  that  rats,  rabbits  and 
vuinea  pies  are  similar  enough  to  man  so  that  experiments  on  the  r  di¬ 
gestive  circulatory  and  excretory  systems  contribute  to  our  understand 
r “7 ^corresponding  systems  in  man.  But  it  is  not  so  obvious  that 

much  of  our  knowledge  of  nerve  action  can  ^ 

ments  on  squid  nerves,  that  experiments  on  the  heart  of  the hor _ 
rrnh  can  give  us  information  about  the  human  heart,  and  that  observa 
"ons  o?  ?he  toadfish  kidney  are  useful  in  understanding  the  human 

CTn  Chaplefl  we  found  that  the  bodies  of  higher  animals,  such  as  man. 
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the  evolution  of  the  higher  from  the  lower  forms  this  organization  was 
built  up  gradually,  and  today  some  of  the  lower  forms  illustrate  the 


S„fsprgr4ep«HUToar  rrent, the  ^  of  or. 

flatworms  the  o^gan  leve  ?,  Z  '  C?elcnterates  tissue  level,  and 
9  level.  In  the  proboscis  worm  we  have  the  most 
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primitive  example  of  the  organ  system  level  of  organization,  which 
reaches  a  high  development  in  man. 


I.  THE  BASIS  FOR  ANIMAL  CLASSIFICATION 


The  differences  which  distinguish  related  species,  such  as  panthers 
and  leopards,  are  usually  minor  and  superficial — such  as  body  color,  pro¬ 
portion,  and  so  on — but  the  main  divisions  of  the  animal  kingdom,  the 
phyla,  are  differentiated  by  basic  characteristics  which  usually  are  not 
unique  for  a  single  phylum,  but  occur  in  unique  combinations  in  various 
ones.  Some  of  the  factors  basic  to  the  determination  of  an  animal’s 
classification  are  as  follows: 

(a)  The  presence  or  absence  of  cellular  differentiation.  Animals  may 
be  either  single-celled  (the  protozoa)  or  composed  of  many  kinds  of 
cells,  specialized  to  perform  particular  tasks  in  the  body’s  economy.  In 
all  the  higher  animals,  collectively  known  as  the  Metazoa,  cells  are  dif¬ 


ferentiated  and  specialized. 

(6)  The  type  of  symmetry  present,  whether  spherical,  radial  or  bi¬ 
lateral  (see  p.  47) . 

(c)  The  number  of  germ  layers.  Some  of  the  metazoa  have  only  two 
embryonic  cell  layers  or  “germ  layers”— an  outer  ectoderm,  and  an 
inner  entoderm,  which  lines  the  digestive  tract;  others  have  these  plus 
a  third,  the  mesoderm,  which  lies  between  the  ectoderm  and  entoderm, 

and  comprises  the  rest  of  the  body.  . 

(cl)  The  type  of  body  cavity.  In  the  lower  many-celled  animals  the 

body  is  essentially  a  double-walled  sack  surrounding  a  single  cavity 
with  only  one  opening  to  the  outside,  the  mouth.  Ihe  higher  animals 
have  two  cavities,  their  bodies  being  constructed  on  a  tube-within-a- 
tube  plan  The  inner  tube,  or  alimentary  canal,  is  lined  with  entoderm, 
and  opens  at  both  ends,  the  mouth  and  anus;  the  outer  tube,  or  body 
wall,  is  covered  with  ectoderm.  Between  the  two  tubes  the  second  cav¬ 
ity  or  celom,  lies  within  the  mesoderm  and  is  lined  by  it 

(e)  The  presence  or  absence  of  segmentation.  The  members  of  several 
phyla  are  characterized  by  the  fact  that  their  bodies  consist  of  a  row 
of  segments,  each  of  which  has  the  same  fundamental  plan,  with  or 
without  variation,  as  the  segments  in  front  and  behind.  In  some  s  B 
mented  animals,  such  as  man  and  most  vertebrates  the  segmental  char¬ 
acter  of  the  body  is  obscured.  In  man  the  bones  of  the  spinal  column 
the  vertebrae— are  among  the  few  remaining,  clearly  segmented  paits 

°f  (ft  Unique  features.  Although  there  are  few  structures  which  belong 

exclusively  to  one  phylum  of  the  animal  world  ■ '  '^CTamnle  the 
unioue  qualities  which  aid  in  their  classification.  lor  example 
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members  of  certain  phyla  always  live  in  the  sea,  while  the  members  of 
others  are  always  parasitic,  and  so  on. 


II.  TIIE  PROTOPLASMIC  LEVEL  OF  ORGANIZATION 


1.  The  Phylum  Protozoa.  Our  first  phylum  is  made  up  exclusively 
of  single-celled  animals  which,  though  structurally  simple,  are  function¬ 
ally  complex.  There  is  some  division  of  labor  within  the  single  cell,  but, 
on  the  whole,  the  protoplasm  functions  as  a  unit  to  perform  all  the  life 
activities  carried  on  by  the  many-celled  body  of  higher  animals — diges¬ 
tion,  respiration,  circulation,  excretion,  locomotion  and  reproduction. 
Hence  the  protozoa  are  said  to  be  organized  on  the  protoplasmic  level. 

All  15,000  or  so  species  of  protozoa  are  tiny,  most  of  them  micro¬ 
scopic,  although  a  few  are  big  enough  to  be  seen  with  the  naked  eye 
(some  of  the  largest  amebas  are  1  mm.  long).  In  spite  of  the  fact  that 
many  multiple-celled  animals  are  smaller  than  the  larger  protozoa,  the 
latter  more  closely  resemble  the  primitive  ancestor  of  all  animals  than 
do  any  of  the  many-celled  animals,  for  that  organism  undoubtedly  was 
single-celled.  The  present-day  flagellates  constitute  a  bridge  between  the 


plant  and  animal  kingdoms,  and  are  believed  to  be  the  protozoa  closest  to 
the  ancestral  stem  of  both.  Some  of  them  have  chlorophyll  and  are  holo- 
phytic;  others,  lacking  chlorophyll,  capture  their  own  food  and  hence 
are  holozoic;  while  still  others  are  both.  Some  forms  that  normally  have 
chlorophyll  lose  it  if  kept  in  the  dark,  and  become  holozoic.  It  is  ob¬ 
vious,  then,  that  at  this  primitive  level  the  distinction  between  plant 
and  animal  disappears. 

Because  the  body  of  the  protozoan  Amoeba  proteus  (Fig.  85)  consists 
of  nothing  but  a  clear  mass  of  shapeless,  naked,  gelatinous  protoplasm, 
containing  a  nucleus  and  protoplasmic  granules,  it  is  often  used  to  study 
the  characteristics  of  protoplasm.  The  nucleus  of  this  tiny  animal  occu¬ 
pies  no  fixed  position  in  the  cell.  It  is  pushed  around  within  the  proto¬ 
plasm  as  the  animal  moves,  which  it  does  by  pushing  out  temporary 
protoplasmic  projectmns,  called  pseudopods  (false  feet),  from  the  sur- 
ace  of  the  cell.  When  this  occurs,  additional  protoplasm  flowing  into 

:rU,dTdS  them  l,ntil  final,-v  aH  the  protoplasm  has  on- 

fOT  theflow  ofan'7  r  a  '•ho,e  7s  The  mechanism  responsible 

servstion  of  /  m  P  aSm  T  ameb°,d  motion  is  ""known.  By  close  ob¬ 
serve, on  of  a  moving  amcha  one  can  see  that  not  quite  all  the  proto- 

evrd^ceSin^! 

reaches  the  tin  it  is  misled  tt  ,  i  S  t"e  p(lln<l  protonlasm 
converted  from  a  sol  to  a  irel  to  f  Vl  ?  *  *°  protoplasm  behind,  and 
"t  the  posterior  end  of  tbfL  ,  7  ^  part  °f  the  wa»'  Meanwhile. 

t"  be  ^hTali^p^’  ,  "t  a?- C°nVerted  »  “I 

tally  similar  to  muscular  contra oti  ener?;T  for1lt'  ls  Pro^ably  fundamen- 
changes  from  sol  to  gel.  The  white'bloo'l  ’  H™  (Jepends  upon  reversible 
animals  move  by  ameboid  motion.  f  °°  *  °f  man  and  other  hi2her 
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The  pseudopods  are  used  also  to  capture  food  (Fig.  103) ,  two  or  more 
of  them  moving  out  to  surround  and  engulf  a  bit  of  debris,  another 
protozoan,  or  a  small,  many-celled  animal.  The  engulfed  food  is  sur¬ 
rounded  by  a  food  vacuole,  and  the  encircling  protoplasm  secretes  di¬ 
gestive  enzymes  to  break  down  the  food  for  absorption. 

Respiration  is  an  uncomplicated  process  in  amebas  and  other  pro¬ 
tozoa,  since  they  live  in  a  liquid  environment  and  can  take  in  oxygen 
and  give  off  carbon  dioxide  by  diffusion.  Excretion  also  occurs  by  this 
simple  method.  Many  protozoa,  amebas  as  well  as  others,  have  a  con¬ 
tractile  vacuole,  a  cavity  in  the  protoplasm  that  regularly  fills  with 
water  from  the  surrounding  medium,  and  empties  it  out  again.  This 
structure  is  believed  to  be  not  an  excretory  organ,  but  simply  a  pump 
for  the  removal  of  the  excess  water  constantly  entering  by  diffusion. 
The  protoplasm  of  a  fresh-water  ameba  has  a  higher  concentration  of 
dissolved  materials — salts,  sugar,  and  so  on — than  the  surrounding 
water,  so  that  water  tends  to  pass  into  it  by  osmosis.  Without  a  pump  to 
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g  44  Some  types  of  ameba,  with  shells.  The  body  of  each  of  these  complicated  animals 
g'  consists  of  a  single  cell.  (Hunter  and  Hunter:  College  Zoology.) 


remove  excess  water,  the  ameba  would  soon  swell  and  burst,  as  our 
blood  cells  do  when  they  are  placed  in  fresh  water.  In  contrast,  most 
marine  protozoa  do  not  have  or  need  a  contractile  vacuole  since  the 
concentration  of  salts  in  the  sea  water  is  about  the  same  as  that  in  t  eir 

PTTht Amoeba  belongs  to  the  class  Sarcodina  (fleshlike)  containing 
many  other  protozoa,  all  of  which  move  about  by  means  of  pseudopo  s. 
Some  of  them  such  as  the  species  causing  amebic  dysentery  in  man 
^  407)  are’ parasitic.  Other,  free-living  species  secrete  hard  shells 

around  their  body,  or  cement  sand  grains  together  into  a  VT0***™ 
layer  around  their’ naked  protoplasm.  The  -eanco^ 

lions  of  ameboid  protozoa  “"f  which  the  animal 

chalky,  many-chambered she] I  s J th  por «  th  ^  to  ^  bottom  ot 

extends  '^P^m  a  gray  mud  which  is  gradually  transformed  into 
chalkeThe  famous  white  cliffs  of  Dover  were  formed  in  this  way  by 
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fossil  foraminifera.  Because  deposits  of  these  fossils  are  frequently  asso¬ 
ciated  with  petroleum  deposits,  they  are  of  great  importance  to  geologists 
examining  rock  strata  for  signs  of  oil.  Still  other  ameboid  protozoa,  called 
radiolaria,  secrete  elaborate  and  beautiful  skeletons  made  of  silica.  The 
skeletons  eventually  become  mud  on  the  ocean  floor,  and  are  sometimes 
converted  into  siliceous  rock  such  as  flint. 

A  second  class  of  protozoa,  the  Ciliata,  is  typified  by  the  Paramecium 
(Fig.  85) .  This  animal,  unlike  the  ameba,  has  a  definite  and  permanent 
shape — clearly  rounded  in  front  and  pointed  in  the  rear — due  to  a 
sturdy,  though  flexible,  outer  covering  secreted  by  the  cell.  The  surface 
of  the  cell  is  covered  by  some  2500  fine,  protoplasmic  hairs,  called  cilia, 
which  extend  through  pores  in  the  outer  covering  and  move  the  animal 
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log.  45.  A  typical  flagellate,  Euglena.  (Hunter  and  Hunter:  College  Zoology.) 

along  by  beating  in  coordinated  rhythm.  The  motion  of  the  cilia  is 

ficien  Iv  SwimS’  and  the  coordination  is  suf- 

j  ;  g  so  t  lat  the  animal  can  back  up  and  turn  around  All  this 

thePebteS0nofathSr!r  1  di reads  that  connect  rows  of  granules  al 

stroved  Pirimf  i!:  'f  1  hese  threads  ar«  cut,  the  coordination  is  de- 
remove  i mecia  have  two  contractile  vacuoles,  which  together  can 

half  an  ho™  °  water.eclual  to  the  total  volume  of  the  bodv  within 

weeks.  “  ’  *  eXC"!te8  a°  amount  of  equal  to  his  body  volume  in  about  three 
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A  third  class  of  protozoa  is  the  Sporozoa  (spore  formers) ,  which  have 
no  special  method  of  locomotion  and  are  parasitic.  Malaria,  one  of  the 
great  plagues  of  mankind,  killing  some  three  million  people  each  year, 
is  transmitted  by  the  bite  of  a  mosquito,  but  is  caused  by  a  sporozoan. 

The  fourth  class  of  protozoa,  the  Flagellata,  is  named  for  the  long, 
whiplike  protoplasmic  projections,  called  flagella,  which  enable  the 
animals  to  move.  Flagellates  arc  usually  more  or  less  oval  in  shape  and 
have  a  definite  front  end  from  which  the  flagella  project  (Fig.  45)  . 
Some  flagellates,  of  which  the  best  known  is  Volvox ,  have  taken  to  liv¬ 
ing  in  colonies;  they  can  be  seen  in  pond  water  as  small,  hollow  green 
spheres,  made  of  thousands  of  individual  animals,  arranged  with  their 
flagella  outward.  The  colony,  moving  by  the  beating  of  the  flagella,  rolls 
over  and  over,  but  keeps  one  end  directed  forward.  Tn  such  a  colony 
there  is  a  beginning  of  specialization,  for  the  cells  at  the  front  have 
larger  light-sensitive  spots  than  the  others,  and  only  those  in  the  rear 
are  capable  of  reproduction.  A  few  flagellates  are  parasitic;  the  organism 
causing  African  sleeping  sickness,  which  is  transmitted  by  the  tsetse  fly , 
is  one  of  these. 


III.  THE  CELLULAR  LEVEL  OF  ORGANIZATION 

2.  The  Porifera  or  Sponges.  The  bodies  of  sponges  are  organized  on 
the’ cellular  level,  so  that  instead  of  one  cell  carrying  on  all  the  life 
activities,  as  in  the  protozoa,  there  is  a  division  of  labor,  with  certain 
cells  specialized  to  perform  particular  functions:  some  cells  feed  the 
body,  while  others  support  or  reproduce  it.  In  the  sponge  there  is  cellular 
differentiation,  but  little  or  no  cellular  coordination  to  form  tissues. 

Living  sponges  resemble  a  piece  of  raw  liver,  and  not  all  of  them  have 
a  skeleton  like  that  of  the  bath  sponge,  which  is  made  of  a  protein  ma¬ 
terial  similar  to  that  of  silk  and  fingernails.  Chalk  or  calcium  carbona  e 
forms  the  skeletal  material  in  some  sponges,  and  silica  makes  up  the 

skeleton  in  others  called  “glass  sponges.  K  ,  ,, 

These  creatures,  whose  scientific  name  means  pore-bear  , 
tually  living  filters.  They  take  in  water  through  certain  pores,  s‘™n  0” 
the  microscopic  organisms  which  they  use  for  food,  and  eject  the 
mainTng  water  through  other  pores  (Fig.  46) .  Certam  sponge  cells  have 
flagella  which  beat,  creating  the  current  of  water  necessary  tor ^ranging 

in  food  and  oxygen  and  for  carrying  away  “ 

Fach  cell  of  the  body  is  irritable  and  reacts  to  stimuli,  but  there  a 
fense  cells  or  nerve  cells  to  enable  the  animal  to  react  as  a  umfied  whoK 

5=  -“«to 

a  different  group  of  P™to“»lTno  evidence  to  suggest  that  any  of  the 

-££.'SS'  SS-SStM-a— . . 

a  few  species  occur  in  fresh  water. 
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IV.  TIIE  TISSUE  LEVEL  OF  ORGANIZATION 

3.  The  Coelenterata.  The  body  of  these  animals  is  organized  typ¬ 
ically  as  a  hollow  sac,  the  interior  of  which  is  a  digestive  cavity  opening 
to  the  outside  by  a  mouth;  hence  the  name,  Coelenterata  (coel  =  hol¬ 
low;  enteron  =  gut) .  Coelenterates  are  believed  to  have  evolved  from 
the  same  stock  as  all  the  higher  animals,  because,  like  the  latter,  they 
have  this  central  digestive  cavity  connected  to  the  outside  by  a  mouth 
(the  sponges,  in  contrast,  lack  it) .  The  tissues  of  coelenterates  fall  into 
roughly  the  same  categories  as  do  those  of  higher  animals:  epithelial, 


*'  46'lhiXrof0la|S,^!'  “"l0?,.0'  “  typi“l  S"°nee-  Tl,e  arrows  il"Jicale  ll>*  direction  ot 
the  How  of  water  through  the  pores.  (Hunter  and  Hunter:  College  Zoology.) 


sZIbI1eVdivkUSCU'afr’i  n,erV°US  and  rcl,rodllcti''e-  Although  there  is  con- 
orchnated  way .  °"  ^  am0'’g  ^  ^  aet  ^^her  *  a  co- 

whTch  hvef  i!lar,  °f  ,the  cc;cl,en^erates  is  typified  by  a  tiny  animal,  Hydra, 

string  Z  4,  Th  a  °°^  Cye  like  a  hit  of  frayed 

g  g.  4/).  I  his  animal  takes  its  name  from  the  Greek  mvth 

ological  monster  which  Hercules  fought  You  liiav  recall  tW  l  \i 
hero  cut  off  one  nf  tho  n  i  ’i  ,  ’  1011  llltl^  recaH  that  when  the 

its  Place,  The  real  hydra  hafthis  ablhtyto 

a“whole  'anhnal  "rhe  C?y  whiT"’*  *1  ^  ^  and  btt»“s 

consists  of  two  layers  of  cells  e^  "  Seld°m  longer  than  half  an  inch, 
so  caned 
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(Fig.  103)  .  The  outer  of  the  two  layers  of  cells  in  the  body  wall,  the 
ectoderm,  serves  as  a  protective  layer;  the  inner  entoderm  is  primarily 
a  digestive  epithelium.  The  bases  of  the  cells  of  both  layers  are  elongated 
into  contractile  muscle  fibers;  those  of  the  ectoderm  run  lengthwise, 
and  those  in  the  entoderm  run  circularly.  By  the  contraction  of  one  or 


Fis  47  Diagram  of  a  Hydra  cut  longitudinally  to  reveal  its  structure.  The  spermary  and 
ary  for  sexual  reproduction  are  represented  on  the  left  and  asexual  reproduce  by 
dding  is  represented  on  the  right.  (Hunter  and  Hunter:  College  Zoology.) 


the  other  the  hydra  can  shorten,  lengthen  or  bend  its  body  Through¬ 
out  its  life  the  animal  lives  attached  to  a  rock,  twig  or  leaf  by  a  disc 
of  cells  at  its  base.  At  the  other  end  is  the  mouth,  connecting  the  gastro- 

tcL  cavity  with  the  outside,  and  surrou„ded  by  a  c,clet  o  tent 

rles  each  of  which  may  be  as  much  as  one  and  a  halt  times  as  long 
the ’body  itself.  The  tentacles,  also,  are  composed  of  an  outer  ectoderm 
and  an  inner  entoderm  and  may  be  hollow  or  solid. 
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Coelenterates  are  unique  in  producing  “thread  capsules  or  nemato- 
cysts,  which  lie  in  the  outer  layer  and  which,  when  stimulated,  can 
release  a  coiled,  hollow  thread  containing  poison  to  paralyze  the  small 
animals  upon  which  it  feeds.  A  nematocyst  can  be  used  only  once;  when 
it  has  been  discharged,  it  is  discarded  and  replaced  by  a  new  one,  pro¬ 
duced  by  special  cells.  The  tentacles  encircle  the  prey  and  stuff  it 
through  the  mouth  into  the  gastrovascular  cavity,  where  digestion  be¬ 
gins.  When  the  animal  has  been  digested  to  small  fragments,  the  in¬ 
dividual  particles  are  taken  up  by  pseudopods  of  the  entoderm  cells, 
and  digestion  is  completed  within  food  vacuoles  in  those  cells. 

Respiration  and  excretion  occur  by  diffusion,  for  the  body  of  a  hydra 
is  small  enough  that  no  cell  is  far  from  the  surface.  The  motion  of  the 
body,  as  it  stretches  and  shortens,  circulates  the  contents  of  the  gastro¬ 
vascular  cavity,  and  some  of  the  entoderm  cells  have  flagella  whose 
beating  aids  in  circulation.  The  hydra  has  no  other  circulatory  device. 

The  first  true  nerve  cells  in  the  animal  kingdom  are  found  in  the 
coelenterates.  These  animals  have  many  nerve  cells,  which  form  an  ir¬ 
regular  network  and  connect  the  sensory  cells  in  the  body  wall  with 
muscle  and  gland  cells.  The  coordination  achieved  thereby  is  of  the 
simplest  sort;  there  is  no  aggregation  of  nerve  cells  to  form  a  “brain” 
or  spinal  cord,  and  an  impulse  set  up  in  one  part  of  the  body  goes  in 
all  directions  more  or  less  equally. 

Besides  the  hydra  and  hydra-like  organisms,  the  phylum  Coelenterata 
includes  such  superficially  different  forms  as  jellyfish  (Fig.  49),  corals 
and  sea  anemones  among  its  4500  different  species.  Both  jellyfish  and 
hydroids  have  bodies  composed  of  an  outer  ectoderm  and  inner  ento¬ 
derm,  with  a  nonliving  jelly  (mesoglea)  layer  between  them;  in  the 
hydra,  the  mesoglea  layer  is  thin,  whereas  in  the  jellyfish  it  is  thick  and 
viscous,  giving  firmness  to  the  body.  The  fundamental  similarity  be¬ 
tween  the  two  is  illustrated  in  Figure  48,  which  clearly  shows  that  if 
a  hydra  is  turned  upside  down  and  its  mesoglea  increased,  the  result  is 
a  jellyfish.  The  hydra  and  jellyfish  are,  then,  two  ramifications  of  the 

same  fundamental  plan,  one  adapted  for  an  attached  life,  the  other  for 
a  free-swimming  life. 

Some  of  the  marine  coelenterates  are  remarkable  for  an  alternation 
of  sexual  and  asexual  generations  analogous  to  that  in  plants.  For  ex- 

hJ  \rny-  SP,eC,eS,  °f  rePr°cltice  sexually  to  give  rise  to 

Wlvfil  6  rmaIs,  ?hich'  in  f"™-  reproduce  asexuallv  to  form  new 
.1  lyfishes  Many  of  the  marine  coelenterates  form  colonial  organizations 
hundreds  or  thousands  of  individuals.  A  colon v  begins  with  a  simrle 

-  -  * 

looks  likeTKhTr'eanrcolonv' th'  iV^'  WMch  -P-ficiallv 
tentacles  of’  this  form  a^ui '  "d  wUh  ^S  and  T',e 

paralyze  a  large  fish  and  wound  a  man  seriously  The  T™  “  that  can 

by  a  gas-filled  float  of  vivid,  iridescent ^puS-Jreen  Y  "  S"PP°rted 
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ha\e  tentacles  100  feet  long.  These  orange  and  blue  monsters,  among 
the  largest  of  the  invertebrate  animals,  are  a  real  danger  to  swimmers 
in  the  North  Atlantic  ocean. 

1  he  sea  anemones  and  corals  have  no  jellyfish  stage,  but  occur  both 
as  individuals  and  in  colonies.  They  differ  from  hydras  in  that  the 
gastrovascular  cavity  is  divided  by  a  series  of  vertical  partitions  into 
a  number  of  chambers,  and  the  surface  ectoderm  is  turned  in  at  the 
mouth  to  line  a  gullet  (Fig.  48) .  The  partitions  in  the  gastrovascular 
cavity  increase  the  digestive  surface,  so  that  an  anemone  can  digest 
an  animal  as  large  as  a  crab  or  fish. 

In  warm  shallow  seas  almost  every  square  foot  of  the  bottom  is  cov¬ 
ered  with  coral  or  anemones,  most  of  them  brightly  colored.  The  ex¬ 
travagant  reefs  and  atolls  of  the  South  Seas  are  the  remains  of  billions 
of  microscopic,  cup-shaped  calcareous  structures,  secreted,  during  past 
ages,  by  coral  colonies.  Living  colonies  occur  only  in  the  uppermost  part 
of  such  reefs,  adding  their  own  secretions  to  the  mass. 

ECTODERM  nmua 


MEDUSA  ANEMONE 


OR 

JELLYFISH 

(Inverted) 

Fig.  48.  Comparison  of  a  Hydra ,  an  inverted  jellyfish,  and  a  sea  anemone  to  show  their  essen¬ 
tial  structural  similarity.  (Hunter  and  Hunter:  College  Zoology.) 

The  Ctenophores,  whose  common  names  are  sea  walnuts  or  comb 
jellies,  are  similar  in  many  ways  to  coelenterates,  although  they  are 
usually  placed  in  a  separate  phylum.  Their  bodies  are  about  the  size  and 
shape  of  an  English  walnut,  and  consist  of  two  layers  of  cells  enclosing 
a  mass  of  jelly;  the  outer  surface  is  covered  with  eight  rows  of  cilia, 
like  combs,  by  which  the  animal  moves  through  the  water  (Fig.  50) . 
At  the  upper  pole  of  the  body  is  a  sense  organ,  containing  a  mass  of  lime¬ 
stone  particles  and  balanced  on  four  tufts  of  cilia  connected  to  sense 
cells.  When  the  body  turns,  these  particles  bear  more  heavily  on  the 
lower  cilia,  stimulating  the  sense  cells,  which  cause  the  cilia  to  beat 
faster  and  bring  the  body  back  to  its  normal  position.  Nerve  fibers  run¬ 
ning  from  the  sense  organ  to  the  cilia  control  the  beating,  and  if  they 
are  cut,  the  beating  of  the  cilia  below  the  incision  is  disorganized. 
Ctenophores  differ  from  coelenterates  in  lacking  stinging  capsules  and 
in  having  only  two  branched  tentacles  instead  of  many. 

V.  THE  ORGAN  LEVEL  OF  ORGANIZATION 
4.  The  Platyhelminthes  or  Flatworms.  An  advance  over  the  coelen- 
terate,  tissue  level  of  organization  is  demonstrated  by  the  free-living 


101 


The  Animal  Kingdom 

flatworms,  such  as  Planaria,  which,  though  less  than  an  inch  long,  have 
definite  organs.  Flatworms  live  in  both  fresh  and  salt  water,  creeping 


HYDROZOA 


Fig.  49.  Some  common  representatives  of  the  phylum  Coelenterata,  grouped  by  classes. 

(Hunter  and  Hunter:  College  Zoology.) 
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connected  to  the  outside  by  a  single  opening,  the  mouth,  which  is  on 
the  middle  of  the  ventral  surface,  in  addition  to  an  outer  ectoderm  and 
an  inner  entoderm,  the  flatworm  has  a  third,  middle  layer,  called  the 
mesoderm,  which  comprises  most  of  the  body  and  forms  many  of  the 
organs.  There  are  several  simple  organs — a  muscular  pharynx  for  tak¬ 
ing  in  food,  eyespots  and  other  sense  organs  on  the  head,  and  complex 
reproductive  organs.  The  worm  has  a  definite  anterior  and  posterior 
end,  and  keeps  one  surface  (the  back  or  dorsal  one)  always  upward  as 
it  crawls  along.  Locomotion  is  achieved  partly  by  means  of  cilia  on  its 
under  or  ventral  surface,  and  partly  by  muscular  contractions,  similar 
to  those  of  the  earthworm.  Gland  cells  on  the  ventral  surface  secrete 
a  slime  which  facilitates  movement. 

Tlatworms  can  survive  without  food  for  months,  gradually  digesting 
their  own  tissues  and  growing  smaller  as  time  passes.  As  in  the  coelen- 
terates,  respiration  takes  place  by  diffusion.  In  order  to  secrete  waste 
products,  the  flatworm  has  an  organ  not  found  in  lower  forms.  This 
structure,  which  is  formed  from  the  mesoderm,  consists  of  a  network 
of  fine  tubes  opening  to  the  surface  by  pores,  and  ending  in  branches 
known  as  flame  cells  (Fig.  114) .  Each  of  the  latter  is  a  single,  hollow 
cell  containing  a  tuft  of  cilia  which,  in  beating,  resembles  a  flame.  The 
motion  of  the  cilia  drives  the  excreted  fluid  along  the  tubes  and  out  the 
pores.  Planaria,  which  lives  in  fresh  water,  has  the  same  problem 
of  getting  rid  of  excess  water  faced  by  the  fresh-water  protozoa,  and 
the  flame  cells,  like  the  contractile  vacuole,  solve  it.  Some  flatworms 
have  an  interesting  mechanism  for  defense:  from  the  hydras  they  eat, 
they  confiscate,  intact,  the  stinging  capsules,  which  become  part  of  their 
own  epithelium  and  are  used  in  the  appropriate  manner. 

Besides  the  tree-living  flatworms  like  PIq/tmitici ,  theie  aie  two  groups 
of  parasitic  ones,  the  Trematoda,  or  flukes,  and  the  Cestoda,  or  tape¬ 
worms.  Parasitism  has  been  defined  as  a  relationship  between  two  ani¬ 
mals  in  which  one  lives  on  or  in  the  other,  at  its  expense.  Such  a  rela¬ 
tionship  usually  evolves  gradually.  In  the  beginning,  two  species  may 
simply  live  together  habitually,  one  of  the  species  deriving  benefit  from 
the  association,  and  the  other  remaining  unharmed  by  it— the  relation¬ 
ship  known  as  commensalism.  This  is  probably  the  first  step  toward 
parasitism.  Some  flatworms  live  attached  to  the  gills  of  the  king  crab 
and  get  their  food  from  scraps  of  the  crab’s  meals.  They  receive  shelter 
and  transportation  from  their  host,  but  apparently  do  not  injure  it  m 
anv  way  When  both  species  receive  benefit  from  the  association,  the 
relationship  is  called  mutualism,  exemplified  by  the  alga-fungus  rela¬ 
tion  in  lichens  (p.  65) ,  and  by  the  termites  and  their  intestinal  flagel¬ 
lates  (d  208) .  The  relationship  of  parasitism  begins  when  one  of  t  e 
two  species  involved  begins  to  harm  the  other  by  depriving  it  of  neces- 
sarv  food  or  by  living  on  its  tissues,  thus  causing  disease. 

The  flukes  are  structurally  like  the  free-living  flatworms  but  differ 
in  having  one  or  more  suckers*  with  which  to  cling  to  the  host,  and  a 
thick  outer  layer,  the  cuticle,  in  place  of  cilia.  The  organs  of  digestion, 
excretion  and  coordination  are  like  those  of  the  other  flatworms,  but  the 
.  ^hes,  which  also  have  suckers,  are  not  flukes,  but  more  highly  organized  animals 
related  to  earthworms. 
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reproductive  organs  are  extremely  complex.  The  flukes  parasitic  on 
human  beings  are  the  blood  flukes,  widespread  in  China,  Japan  and 
Egypt,  and  the  liver  flukes,  common  in  China,  Japan  and  Korea.  Both 
these  parasites  go  through  complicated  life  cycles,  involving  a  number 
of  different  forms,  alternation  of  sexual  and  asexual  generations,  and 
parasitism  on  one  or  more  intermediate  hosts  such  as  snails  and  fishes. 

Tapeworms  are  long,  flat,  ribbon-like  animals,  some  species  of  which 
live  as  adults  in  the  intestines  of  probably  every  kind  of  vertebrate, 
including  man.  The  head  end  of  a  tapeworm  (Fig.  190)  is  equipped 
with  suckers  and  often  has  a  circle  of  hooks  by  means  of  which  it  at¬ 
taches  to  the  lining  of  the  intestine.  Behind  the  head  is  a  growing  region 
which  constantly  gives  rise  to  new  body  sections  by  budding.  The  rest 
of  the  body  consists  of  a  series  of  these  sections.  Tapeworms  have  no 
mouth  and  no  trace  of  a  digestive  system;  they  live  by  soaking  up  the 
digested  materials  present  in  the  intestine  of  their  host  (p.  408)  . 


nemertine-micrura 
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bands  wh'd Z  n  P  t  V'°rm  °F  neme^tean-  A>  Extern*l  appearance.  Note  the  colored 
bands  Wh,ch  are  present  on  many  spee.es.  B,  Diagram  of  the  internal  anatomy.  Note  the 

hree  long.tud.nal  blood  vessels  (white)  and  the  digestive  system  composed  of  mouth  intes¬ 
tine  and  anus.  (Hunter  and  Hunter:  College  Zoology.)  ’ 

VI.  THE  ORGAN  SYSTEM  LEVEL  OF  ORGANIZATION 

Porta^toNr„n],ea  °r  Pr°b,°SCiS  Worms'  This  group  of  animals  is  im- 
t0  us,01  'y.as  an  evolutionary  landmark,  for  the  proboscis  worms 
a  e  the  simplest  living  animals  which  illustrate  the  organ  system  1™ 

^armfeTto  Zn(F,S/ il  ^  °f  them  is  I—iticfhenc"  they  are 

tance  Almost  all  “of  th1  and  n°ne  is  of  ec°n°mic  impor- 

water  or  damp  s"l  aUh°ngh  a  inhabit  fresh 

flattened  varying  VleZthT  °"g  "8TW  b°dieS’  either  cylindrical  or 
a  vivid  orlnge  red  or  £e  ZT,  'n,Ch  l°  °°  feet'  Some  of  ‘hem  are 
remarkable  organ-the  probo'e'^  (  ^  'T.T'T1  stHPes.  Their  most 
is  a  long,  hollow  mUscnlZt,r  ’^T.nWhlCh  they  take  their  name- 
of  the  body  and  use  for  seizin^  food"  Th  "  '  l'"1  fr°m  the  anterior  end 

fnl  in  catching  and  retaining  the  mZ  some'Sso0'eteSrUCl'S’  he'P' 
Point  at  the  tip  of  the  proboscis  for  ,  '  e,  sPec,es  have  a  hard 

secreting  glands  at  the  base  of  this  ooToTtZ  the,ene™y>  an<3  Poison- 
ward  by  the  pressure  of  the  surrounding  n  ?  Pr°boscis  is  thrust  out- 

flni-l;  a  separate  muscle  inside  the  proLseTretrVZ  if0"  ‘he  C°ntained 
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complete  digestive  tract,  with  a  mouth  at  one  end  for  taking  in  food, 
an  anus  at  the  other,  for  eliminating  feces,  and  an  esophagus  and  intes¬ 
tine  in  between.  This  is  in  contrast  to  the  coelenterates  and  planarians, 
whose  food  enters,  and  wastes  leave,  by  the  same  opening.  In  the  probos¬ 
cis  worm  metabolic  wastes  are  eliminated  from  the  body  by  flame  cells, 
as  they  are  in  the  flatworms.  A  second  advance  exhibited  by  the 
nemerteans  is  the  separation  of  digestive  and  circulatory  functions. 
These  animals  are  the  most  primitive  organisms  to  have  a  separate  cir¬ 
culatory  system.  It  is,  of  course,  rudimentary,  consisting  simply  of  three 
muscular  tubes — the  blood  vessels — which  run  the  length  of  the  body 
and  are  connected  by  transverse  vessels.  Surprisingly,  these  primitive 
forms  have  red  blood  cells  filled  with  hemoglobin,  the  same  red  pigment 
which  transports  oxygen  in  human  blood.  Nemerteans  have  no  heart, 
and  the  blood  is  circulated  through  the  vessels  by  the  movements  of 
the  body.  The  nervous  system  is  more  highly  developed  than  it  is  in 
the  flatworm;  there  is  a  “brain'  *  at  the  anterior  end  of  the  body,  con¬ 
sisting  of  two  groups  of  nerve  cells  (ganglia) ,  connected  by  a  ring  of 
nerves  extending  around  the  sheath  of  the  proboscis,  and  two  or  three 
nerve  cords  extending  the  length  of  the  body. 


The  phylum  Nematoda,  made  up  of  round  worms,  has  a  great  many 
members  (about  8000  species),  all  of  them  remarkably  similar  in 
general  body  pattern.  Some  live  in  the  sea,  others  in  fresh  water,  in 
the  soil,  or  in  other  plants  or  animals  as  parasites.  About  fifty  species 
are  human  parasites,  of  which  the  most  detrimental  are  the  hookworm, 
trichina  worm  (Fig.  197),  ascaris  worm,  filaria  worm  and  guinea  worm. 
A  microscopic  examination  of  a  shovelful  of  earth  from  almost  anywhere 
in  the  world  will  reveal  a  number  of  tiny  white  worms  which  thrash 
around  coiling  and  uncoiling.  Their  long,  cylindrical  bodies,  pointed  at 
both  ends,  are  covered  with  a  tough  cuticle  laver.  In  contrast  to  the 
nemerteans,  which  have  cilia  all  over  the  epithelium  and  the  lining  of 
the  digestive  tract,  none  of  the  nematodes  has  any  cilia  at  all. 


With  the  evolution  of  a  complete  digestive  system,  a _ separate  cir- 
culatorv  system,  and  a  nervous  system  composed  of  a  “brain  and  nerve 
cords  as  illustrated  in  the  proboscis  worm,  the  essential  structures  of 
higher  animals  were  established.  The  proboscis  worm  is  not  believed  to 
be  the  actual  ancestor  of  the  higher  forms  but  is  thought  to  be  like  the 
now  extinct  ancestor  common  to  both  the  higher  animals  and  itself. 
Evolution  beyond  this  point  branched  out  in  a  great  many  different 
directions  and  the  more  advanced  animals  cannot  be  arranged  in  a 
singk  series  Of  progressively  higher  and  more  complex  forms.  One  main 
branch  of  evolution  led  to  the  vertebrates,  another  to  the  insects  and 
other  arthropods;  and  another  to  the  clams,  squids  and  other  molluscs. 
Besides  these  familiar  forms,  there  are  others,  belonging  to  differen 
evolutionary  branches,  about  which,  since  they  neither  serve  nor  menace 
us,  we  think  little.  One  frequently  hears  people  ask  of  such  animals, 

thought  processes  occurs  in  any  of  the  lower  animals. 
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“What  good  are  they?”  The  answer  is  that,  since  the  various  forms 
of  life  do  not  exist  to  serve  man,  it  would  be  quite  as  reasonable  to  ask 
what  good  we  are  to  them. 

6.  The  Rotifera.  Some  of  the  more  obscure  animals  just  mentioned 
make  up  the  phylum  Rotifera  (wheel  animals) .  These  aquatic,  micro¬ 
scopic  worms,  although  no  larger  than  many  of  the  protozoa,  have  many- 
celled  bodies  with  a  complete  digestive  tract;  an  excretory  system  made 
up  of  flame  cells  and  a  bladder;  a  nervous  system  with  a  “brain”  and 
sense  organs;  and  a  characteristic  crown  of  cilia  on  the  head  end  which 
gives  the  appearance  of  a  spinning  wheel. 


1%.  52.  A  bryozoan  cut  ope,,  longitudinally  to  reveal  its  internal  structure.  (After 

Curtis  and  Guthrie,  Hunter  and  Hunter:  College  Zoology  )  ' 

wo7rmIhwh?ch$areri,il:r-  is.an0ther  PM'""  of  microscopic,  aquatic 
cilia  Some  f  rt,  kf  7  terS  many  rcsPects>  but  have  no  crown  of 

taken  for  seaweed;  other  specie,  form  e  ,  ; -T  so®<*.mes  mis- 

lacy  incrustations  on  rocks  V  I  7  C?lon,“  whlch  Wear  «  thin, 
shared  protective  of?!  ^  ‘  ^ 

material,  into  which  it  can  withdraw  a  i  ,  f  horny>  Protem 
“vase”  is  the  U-shaped  digestive  & 
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outside  the  ring  of  tentacles;  in  another  it  lies  immediately  inside.  New 
members  of  the  colony  arise  by  budding  from  the  older  ones,  and  new 
colonies  arise  as  the  result  of  sexual  reproduction  during  certain 
seasons. 

Any  bryozoan  colony  also  has  specialized  members,  called  avicularia, 
which  resemble  the  head  of  a  bird.  These  organisms  are  in  constant 
motion  from  side  to  side,  and,  as  they  move,  a  peculiar  organ,  shaped 
like  a  bird’s  lower  beak  and  operated  by  muscles,  frequently  snaps  open 
and  shut.  The  purpose  of  the  avicularia  is  not  to  catch  food — other 
members  do  that — but  to  keep  small  animals  from  settling  on  the  colony. 

9.  The  Brachiopoda.  This  is  another  phylum  characterized  by  a  loph- 
ophore.  The  animals  are  commonly  known  as  lampshells  and  super¬ 
ficially  resemble  a  clam.  Like  the  latter,  they  have  two  shells,  usually 
calcareous,  that  can  be  opened  and  closed  by  muscles.  But  unlike  the 
clam,  whose  two  shells  are  on  the  right  and  left  sides  of  the  body,  the 
brachiopod  shells  lie  above  and  below  it,  the  bottom  shell  being  attached 
to  a  rock  or  other  object  by  a  sturdy,  muscular  stalk.  All  brachiopods 
live  in  the  sea.  Although  only  about  200  species  of  this  extremely  ancient 
phylum  exist  today,  there  once  were  more  than  3000  species.  Because 
of  their  great  age  and  well-preserved  hard  shells,  the  fossil  brachiopods 
are  useful  to  geologists  in  determining  the  age  of  rocks.  Fossils  obtained 
from  rocks  more  than  500,000,000  years  old  are  almost  exactly  like  the 
brachiopods  living  today. 


Some  of  the  less  familiar  invertebrates— the  Bryozoa,  Brachiopoda 
and  Phoronida— as  well  as  all  the  others  to  be  discussed  presently,  are 
characterized  by  a  body  cavity  or  celom,  lying  between  the  body  wall 
and  the  wall  of  the  digestive  tract.  This  cavity  arises  during  embryonic 
development  from  a  split  in  the  mesoderm  layer,  and  hence  is  lined  with 
mesoderm.  The  development  of  the  celom,  which  freed  the  digestive 
tract  from  the  body  wall,  and  permitted  the  two  sets  of  muscles  to 
contract  independently,  was  an  important  step  toward  the  development 

of  the  higher  animals.  ...  ,  A  , 

10.  The  Annelida.  Among  the  most  familiar  invertebrate  animals  are 

the  earthworms,  members  of  the  phylum  Annelida  (Fig.  53)  .  This  word, 
which  means  “ringed,”  refers  to  the  fact  that  the  body  of  the  worm 
is  made  of  a  series  of  rings  or  segments.  Both  the  internal  organs  and 
the  body  wall  are  segmented,  so  that  every  animal  consists  of  a  series 
of  a  hundred  or  more°similar  units,  each  of  which  contains  one  or  a  pair 
of  organs  of  each  system.  The  segments  are  separated  from  each  other 
by  transverse,  bulkhead-like  partitions.  The  chief  evolutionary  advan 
shown  by  the  earthworms  over  the  lower  forms  is  this  development  o 
segmentation,  for  each  segment  constitutes  a  subunit  of  the  body  that 
may  be  specialized  to  carry  on  a  particular  function.  The  dividing  of  the 
body  into  segments  is  thus  similar,  on  a  larger  scale,  to  the  original 
division  of  the  animal  body  into  cells  to  provide  or  local  ^“'‘Mtio  . 
In  the  earthworm  the  individual  segments  are  almost  all  alike,  but 
manv  of  the  other  segmented  animals-the  arthropods  and  chordates- 
the  specialization  of  different  segments  reaches  a  point  where  the  g 
mentation  of  the  body  plan  is  obscured. 


107 


The  Animal  Kingdom 

The  celom,  or  body  cavity,  of  the  annelids  is  large  and  well  developed, 
and  the  entire  body  consists  essentially  of  two  tubes,  one  within  the 
other.  The  outer  tube  is  the  body  wall,  and  the  inner  tube,  the  wall  of 
the  digestive  tract.  The  celom  is  filled  with  a  fluid  which  bathes  the 
internal  organs  and  is  an  intermediate,  in  transporting  gases,  food  and 
wastes,  between  the  circulatory  system  and  the  individual  cells  of  the 
body. 

The  digestive  system  of  the  earthworm  shows  several  advances  over 
that  of  the  proboscis  worm:  there  is  a  muscular  pharynx  for  swallowing 
food,  an  esophagus,  and  a  stomach  of  two  parts — a  thin-walled  crop, 
where  food  is  stored,  and  behind  it,  a  thick-walled  muscular  gizzard, 
where  it  is  ground  to  bits.  The  rest  of  the  digestive  system  is  a  long, 
straight  intestine,  where  digestion  and  absorption  take  place,  terminating 
in  an  anus  which  opens  to  the  outside  at  the  posterior  end. 


Subesophogeal 
gonglion 

Metanephridium  receptacles  Vas  deferens  Ventral  vessel 

Fl6  53'  DiaKra"'™tlc.  longitudinal  section  of  the  anterior  part  of  an  earthworm,  showin 
internal  structures.  (Hunter  and  Hunter:  College  Zoology.) 
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fhe  circulatory  system  is  also  marked  by  advances  in  complexity  and 

v.ntr.1  distributing  .  JXrfi'taS  n',  '“"*l 

as  in  the  body  wall.  J  P  S  n  0,1  tlie  organs  as  well 

°rganS  rCpeated  in 

consists  of  a  ciliated  Ca"ed  3  -P^ridium, 

nected  by  a  tube  to  the  outside  of  th  I  '1  Ce,£™‘C  eavlt-v'  and  con- 

wall.  The  tube  of  the  excretory  organ  is 
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work,  so  that  wastes  are  removed  from  the  blood  stream  as  well  as 
from  the  celomic  cavity. 

The  nervous  system,  too,  is  more  advanced  than  that  of  the  proboscis 
worm,  for  it  consists  of  a  large,  two-lobed  aggregation  of  nerve  cells 
located  just  above  the  pharynx,  and  another  ganglion  just  below  the 
pharynx;  around  the  latter  organ  is  a  ring  of  nerves  which  connects  the 
two  ganglia.  From  the  lower  ganglion  a  nerve  cord  (actually,  two  closely 
united  cords)  extends  the  entire  length  of  the  body,  beneath  the  di¬ 
gestive  tract.  In  each  segment  there  is  a  swelling  of  the  nerve  cord,  a 
segmental  ganglion,  from  which  nerves  extend  laterally  to  the  muscles 
and  organs  of  that  segment.  The  segmental  ganglia  coordinate  the  con¬ 
traction  of  the  muscles  of  the  body  wall,  so  that  the  worm  can  creep 
along.  The  nerve  cord  contains  certain  large  nerve  fibers  which  transmit 
nerve  impulses  more  rapidly  than  ordinary  fibers,  and  which,  when 
danger  threatens,  stimulate  the  muscles  to  contract  and  draw  the  worm 
back  into  its  burrow.  Living  a  subterranean  life,  the  earthworm  has  no 
well-developed  sense  organs,  but  some  of  its  sea-dwelling  relatives,  such 
as  the  sandworm,  or  Nereis,  have  two  pairs  of  eyes,  and  other  organs 
sensitive  to  touch  and  to  chemicals  in  the  water. 

Besides  serving  as  bait  and  as  food  for  birds,  earthworms  are  of  great 
service  to  man  in  turning  over  the  soil.  By  making  it  more  porous,  thus 
allowing  air  to  penetrate  freely  and  water  to  dram  properly,  they 
facilitate  the  growth  of  roots  and  hence  increase  the  agricultural  yield. 
In  their  burrowings  through  the  earth  the  worms  swallow  bits  ot  soil 
grind  them  to  smaller  bits,  and  discharge  them  above  the  surface,  well 
mixed  with  organic  matter.  The  amount  of  earth  moved  in  this  way 
is  remarkable;  it  is  calculated  that  every  ten  years  earthworms  turn 
over  enough  soil  to  form  a  layer  2  inches  thick  over  the  entire  land  sur- 

fa  Earthworms  ^re  not  the  only  members  of  their  phy^m; • 
some  8000  species  divided  into  four  classes.  One  of  t  ese  .  Y 

chaeta  (many  bristles) ,  made  up  of  marine  worms  which  swim  free^ 
the  sea  burrow  in  the  sand  and  mud  near  shore,  or  live  in  tubes  formed 
by  secretions  from  the  body  wall.  Each  segment  of  their  bodies  has  a 

mir  of  bristled  paddles  extending  laterally.  . 

The  members  of  the  class  Oligochaeto  (to  which  the  earthworm  be¬ 
longs)  are  characterized,  as  their  name  mdieates,  by  having  few  bnst 

PeThCeTchiannelido  (primitive  annelids) 
leeches.  These  worms  *7-™“ 

anterior  and  posterior  cm  "  ,  ®  ” h  attach  themselves  by  their 

by  sucking  the  blood  of  vertebrates  suck  out  a  quantity  of 

Slickers,  bite  through  the  skin  ’  ;  tract.  Their  meals  may 

blood,  which  is  stored  ,n  P0UC^S ‘n ^‘d  from  one  meal  to  last  a 

|)e  infrequent  but  they  ca„edjcina]  ^  ^  ^  fresh.  ter  worm  about 

n„Rche"ong  which  Physicians  used  for  blood-letting  when  the  humoral 
theory  of  disease  was  in  vogue. 
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It  is  generally  believed  that  the  annelids  and  arthropods  developed 
from  a  common  ancestral  line,  a  theory  substantiated  by  the  existence 
of  a  curious  animal  called  peripatus  (Fig.  54),  which  lives  in  the  moist, 
tropical  forests  of  Africa,  Australia,  Asia  and  South  America.  This  cater¬ 
pillar-like  creature,  2  or  3  inches  in  length,  appears  to  be  a  connecting 
link  between  the  two  phyla.  It  is  not  believed,  however,  to  be  the 
ancestor  of  the  present-day  arthropods,  but  rather,  a  descendent  which 
has  not  changed  much  from  the  original  ancestor  of  both  annelids  and 
arthropods,  for  its  anatomy  is  a  mixture  of  the  characteristics  of  both. 
It  has  many  pairs  of  legs,  each  of  which  has  a  pair  of  claws  at  the  tip. 


LEG  SHOWING  ARTHROPOO-LIKE  CLAWS 

Am^'ick  .I’llr1"/'.?  "lem,ber,of  lhe  Onychophora,  a  so-called  missing  link  between  the 


ofSannCeltkryb  "e>;roducti,ve  and  “"oil.  systems  are  similar  to  those 
Ot  annelids  but  its  circulatory  system  is  like  that  of  arthropods  as  is 

■  respu-atory  system,  which  consists  of  air  tubes  (tracheal  tubes'! 

Ti-  -  - 


no 
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crabs,  lobsters,  shrimps,  barnacles,  water  fleas  and  many  other  marine 
and  fresh-water  forms;  the  Centipedes  (Fig.  56),  which  are  fast-moving 
carnivorous  forms,  some  of  which  can  inflict  a  painful  bite;  the  Milli¬ 
pedes,  which  are  slower-moving  plant-eaters;  the  Arachnids,  including 
spiders,  scorpions,  ticks  and  mites;  and  the  Insects  (Fig.  57) . 


Fig.  55.  Diagrammatic,  longitudinal  section  of  a  male  crayfish  a  fresh-water  animal  similar 
to  a  lobster.  (Hunter  and  Hunter:  College  Zoology.; 


„  .  ,  ,  r  ,i1P  pIiss  Chilopoda.  Centipedes  have  one  pair  of  append- 

Fig.  5G.  A,  Centipede  a  membe  <  Diplopoda.  Millipedes  have  two  pairs 

per  segment.  B,  ****£& Hunter:  College  Zoology.) 
of  appendages  per  segment.  (Alter  ivocn,  nun 

The  word  “arthropod”  has  reference  to  the  paired,  jointed  appendages 
characteristic *of  the'se  aninta.s  which  are  tised  in 

lpi= 

™ such  as  ’the  joints  of  the  legs  and  between  the  body 
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segments,  allowing  the  cuticle  to  be  bent.  Such  a  layer  protects  the  body 
from  excessive  loss  of  moisture  and  from  enemy  attack,  and  gi\ts  neces¬ 
sary  support  to  the  underlying  soft  tissues.  But  it  has  disadvantages, 


Bedbug 


Cockroach 


SIPHONAPTERA 


HEMIPTERA 


Fi 


MEDICALLY  IMPORTANT  ORDERS  OF  INSECTA 


HYMENOPTERA 


Puss 


caterpillar 


COLEOPTERA 


Pubic 

louse 


Blister  beetle 


.EPHEMERIDA 


Mayfly 


ORTHOPTERA 


COLLEMBOLA 


INSECTA 


8“" 3-  “• — - 


too:  body  movement  is  somewhat  restricted  j  . 

arthropod  must  shed  the  miter  v  11  .  ’  .  in  order  to  grow,  the 

larger  one,  a  process  which  leaves  him  temTomrUy^uInLbTe"  an°ther’ 
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The  bodies  of  most  arthropods  are  divided  into  three  regions:  the 
head,  always  composed  of  exactly  six  segments,  the  thorax,  and  the 
abdomen,  both  of  which  are  composed  of  a  variable  number  of  seg¬ 
ments.  In  contrast  to  most  annelids,  each  arthropod  I. as  a  fixed  number 
of  segments  which  remains  the  same  throughout  life.  We  cannot  begin 
to  describe  all  the  variations  in  body  plan  and  in  the  shape  of  the 
jointed  appendages  in  the  numerous  species.  The  nervous  system  of  the 
more  primitive  arthropods  is  like  that  of  the  annelids,  but  in  the  higher 
ones  the  successive  ganglia  usually  fuse  together.  The  arthropods  have  a 
variety  of  well-developed  sense  organs:  complicated  eyes,  such  as  the 
compound  eyes  of  insects;  organs  located  in  the  antennas,  which  are 
sensitive  to  touch  and  to  chemicals;  organs  of  hearing;  and  touch  cells 
on  the  surface  of  the  body.  The  true  celom  is  small  and  is  made  up 
chiefly  of  the  cavities  of  the  reproductive  system;  the  large  body  cavity 
is  not  a  celom,  but  a  blood  cavity — part  of  the  circulatory  system— 
for  the  latter  includes,  besides  the  enclosed  vessels,  open  spaces  through¬ 
out  the  body  by  means  of  which  the  organs  are  bathed.  There  is  a 
pumping  organ,  or  “heart,’  in  the  dorsal  part  of  the  body  which  stirs 
the  blood  around  in  these  spaces.  Most  of  the  aquatic  arthropods  have 
a  system  of  gills  for  respiration,  whereas  the  land  forms  usually  have  a 
system  of  fine,  branching  air  Lubes  or  tracheas,  which  conduct  air  to 
the  internal  organs.  The  digestive  system,  typically,  is  a  simple  tube  like 
that  of  the  earthworm,  lined  in  part  with  a  cuticle  similar  to  the  outer 
covering  of  the  body.  In  insects  and  some  other  forms  the  excretory  sys¬ 
tem  consists  of  tubules  which  empty  into  the  digestive  tube.  These 
metabolic  wastes  then  pass  out  of  the  body  with  the  feces,  through  the 


Insects  are  the  only  invertebrates  to  have  developed  wings  (though 
not  all  species  have  done  so) ,  but  these  structures  are  analogous  only, 
not  homologous,  to  the  wings  of  the  vertebrates.  Insect  wings  usua  y 
occur  in  two  pairs;  the  exception  to  this  are  the  wings  of  flies,  which 
occur  as  one  pair,  plus  a  pair  of  balancers-the  remains  of  the  second 
original  pair.  In  most  insects  both  sets  of  wings  are  functional  as  fly  g 
organs,  but  in  grasshoppers  and  beetles  the  anterior  pa.r  are  simply 
stiffened  protective  devices  for  the  functional  posterior  pai  . 

In  some  insect  species,  individuals  are  differentiated  into  a  number 
of  types,  a  kind  of  organization  rather  like  that  of  the  coelenterate  or 
1  vozoan  colony  But  the  members  of  an  insect  colony  are  not  join 
together  anatomically  as  are  these  lower  forms;  they  constitute  asocial 

co?ony.  A  colony; 

“sofdiers  "which  protect  the  colony  from  enemies;  and  “workers,”  which 
,i  f’  i  k.iiiJ  the  nest  and  care  for  the  young.  Both  soldiers  and 

gathei  loo  md  neither  reproductives  nor  soldiers  can  feed  them- 

from*  birth . '  Forexample,  the  workers  which  hatch  from  the  eggs  laid  by 
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a  queen  termite  build  a  nest  for  her  exactly  like  the  ones  built  by  other 
members  of  the  species,  although  they  have  no  model  to  copy,  and, 
presumably,  they  cannot  learn  from  the  queen  how  her  original  nest 
was  constructed. 

12.  The  Mollusca.  This  phylum,  with  its  80,000  species,  is  the  second 
largest  of  all  the  animal  phyla.  It  includes  the  oysters,  clams,  octopuses, 
snails,  slugs,  and  the  largest  of  all  the  invertebrates — the  giant  squid, 
which  achieves  a  length  of  50  feet,  has  a  circumference  of  20  feet,  and 
weighs  several  tons. 

The  adult  body  plan  of  these  animals  is  quite  different  from  that  of 
any  other  group  of  invertebrates,  but  the  more  primitive  molluscs  have 
a  characteristic  larval  form,  called  a  trochophore,  similar  to  the  larval 
form  of  certain  marine  annelids.  This  suggests  that  the  molluscs  and 


Notl  l  8'  ,Vanfnnr  °f  the,bf 1C  molluscan  body  plan  in  chitons,  snails,  clams  and  squids, 
ote  l.ow  the  shell,  foot  and  al.mentary  canal  have  changed  their  positions  in  the  evolution 
ie  different  groups.  (Modified  after  Buchsbaum;  Hunter  and  Hunter:  College  Zoology  ) 


worms  arose  from  a  common  ancestral  type;  the  worms,  however 
evolved  a  segmented  body  plan,  while  the  molluscs  evolved  a  unique 
wlth»ut  segmentation.  The  slugS'sh  marine  animal,  the  chiton 
■[  g',58/;  wl:,eh  bves  by  scraping  algae  off  the  rocks  of  the  seashore 
■  probably  closest  to  the  ancestral  molluscan  type.  Thus  it  illustrates 
he  main  molluscan  characters:  a  broad,  flat,  muscular  foot  for  creeping 

hove8  thffSoot  ,  'f1"8  °n  l°  tHr  WllC"  ^turbed;  a  viscera  1 

»Cvantagge  of  dEST  Pr°teCt'°n’  ^  h“  the 

sisting  l^Sm^,u!”<pha^ynxStesophaigiis8'st^U^e,|SOI^°^m*eS  Coiled>  c0“- 
The  pharynx  characteristically  contains  a 
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which,  operated  by  a  set  of  muscles,  can  drill  a  hole  in  another  animal’s 
shell,  or  break  off  pieces  of  a  plant.*  The  circulatory  system  consists  of 
a  pumping  organ  which  sends  blood  through  a  system  of  branched 
vessels  and  open  spaces  containing  the  body  organs.  Two  “kidneys,” 
lying  just  below  the  heart,  extract  metabolic  wastes  from  the  blood,  and 
discharge  them  through  pores  located  near  the  anus.  The  nervous  system 
consists  of  two  pairs  of  nerve  cords,  one  going  to  the  foot,  another  to 
the  mantle.  The  ganglia  of  these  are  connected  around  the  esophagus, 
at  the  anterior  end  of  the  body,  by  a  ring  of  nervous  tissue,  thus  form¬ 
ing  the  “brain.”  With  the  exception  of  squids  and  octopuses,  the  mol¬ 
luscs  lack  well-developed  sense  organs. 

One  usually  thinks  of  snails  as  having  a  spirally  coiled  shell,  and  many 
of  them  do,  yet  many  members  of  the  same  class  (Gastropoda),  such 
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Fig.  59.  Longitudinal  section  of  a  fresh-water  clam,  allowing  the  various  organ  systems. 

(Hunter  and  Hunter:  College  Zoology.) 


as  the  limpets  and  abalones.  have  shells  like  flattened  dunce  caps  and 
others,  such  as  the  garden  slugs  and  some  marine  snails,  have  no  sh 

Another  class  of  molluscs,  Pelecypodo  (meaning  hatchet-foot)^  com¬ 
monly  called  bivalves,  developed  two  shells,  hinged  on  ‘he  ^  side 
and  opening  ventrally.  This  arrangement  allows  the  hatchet  shaped 
foot  to  protrude  for  locomotion,  and  the  long,  muscular  siphon  contain 
ng  two  tubes  for  the  intake  and  output  of  water,  to  be  extended.  Some 
.  i  no  rwcfers  are  permanently  attached  to  the  su 

strate'6  others'  like  clams  and  mussels,  burrow  rather  slowly  through 
strate,  oi  ,  ^  burrows  through  rock 

or  "oort-  see,K  .7.  1  d  other  marine  installations,  is  just  looking  for 
a  h'ome)8  Finally,  some’  bivalves,  such  as  the  scallops,  swim  with  amazing 
speed  by  clapping  their  two  shells  together. 

general,  molluscs  have  this  organ,  but  the  bivalves  do  not  have  or  need  such  a 

structure. 
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Clams  (Fig.  59)  and  oysters  obtain  food  by  straining  the  sea  water 
brought  in  over  their  gills  by  the  siphon.  rl  he  water  is  kept  in  motion 
by  the  beating  of  cilia  on  the  surface  of  the  gills,  and  lood  particles 
trapped  in  the  mucus  secreted  by  the  gills  are  carried  to  the  mouth.  Ihe 
innermost,  pearly  layer  of  the  bivalve  shell,  made  of  calcium  carbonate 
(mother-of-pearl),  is  secreted  in  thin  sheets  by  the  epithelial  cells  of 
the  mantle.  If  a  bit  of  foreign  matter  gets  between  the  shell  and  the 
epithelium,  the  epithelial  cells,  in  order  to  protect  the  animal,  secrete 
concentric  layers  of  this  substance  around  the  intruding  particle;  in  this 
way,  a  pearl  is  formed. 

In  contrast  to  other  molluscs,  squids  (Fig.  58)  nautiluses  and  octo¬ 
puses,  comprising  the  class  Cephalopoda,  are  active,  predatory  animals. 
By  combining  the  rudimentary  head  of  the  chiton  type  with  the  moll- 
uscan  foot  they  have  evolved  a  specialized,  complex  head-foot  with  a 
large,  well-developed  “brain”  and  two  big  eyes  which  are  strikingly 
like  vertebrate  eyes  in  structure,  but  develop  quite  differently  as  a  fold¬ 
ing  of  the  skin,  rather  than  as  an  outgrowth  of  the  brain.  This  type  of 
independent  evolution  of  similar  structures  which  carry  on  similar  func¬ 
tions  in  two  different,  unrelated  animals,  is  known  as  convergent  evolu¬ 
tion.  The  foot  of  the  squid  and  octopus  is  divided  into  ten  and  eight 
long  tentacles,  respectively,  covered  with  suckers  for  seizing  and  holding 
the  prey.  Besides  having  a  radula,  the  animals  have  (in  the  mouth)  two 
strong,  horny  beaks  for  killing  the  prey  and  tearing  it  to  bits.  The 
mantle  is  thick,  muscular  and  fitted  with  a  funnel.  By  filling  the  mantle 
cavity  with  water  and  ejecting  it  through  this  funnel,  the  animals  attain 
rapid  jet  propulsion  in  a  direction  opposite  to  that  in  which  the  funnel 
is  pointed. 

Ihe  shell  of  a  nautilus  is  a  flat,  coiled  structure,  consisting  of  many 
chambers,  built  up  year  by  year;  each  year  the  animal  lives  in  the  latest 
and  largest  chamber  of  the  series.  The  shell  of  the  squid  is  reduced  to 
a  small  “pen”  in  the  mantle,  and  the  octopus  has  no  shell  at  all. 

13.  The  Echinodermata.  The  echinoderms  (spiny-skinned)  include 
the  sea  stars,  sea  urchins,  sea  cucumbers,  serpent  stars  and  sea  lilies 
,g‘  G°)— a  group  of  animals  radically  different  from  all  other  inver- 
ebrates.  Curiously  enough,  they  appear  to  be  closely  related  to  the 
vertebrates.  The  echinoderm  larva  and  those  of  certain  primitive  chor- 
tes  have  many  features  in  common.  All  the  0000  or  so  species  of  this 
phylum  are  marine,  and  all  have  radial,  rather  than  bilateral,  symmetry 

fivt  t  art  fiSht  °r  S6a  StaF  C°nS1StS  °f  a  central  disc  from  which  radiate 
five  to  twenty  or  more  arms.  On  the  under  side  of  the  disc  in  the 

tinVflat  b  t6  mf°Ut,h'  The  Sk}n  °f  the  entire  animal  is  imbedded  with 
flat  bits  of  calcium  carbonate,  some  of  which  give  rise  In 

ciaUUymneearr  ^  ^  ^ 

is  equipped  with  hundreds  of  pairs  of  tube  feel  T '  [?“  °,f,  *“Ch  arm 
sucker-tipped  cyli„ders-at  the  base  of  which 


116 


The  Variety  of  Life 

called  ampulias.  To  extend  the  feet,  these  sacs  contract,  forcing  water 
into  the  feet.  The  feet  are  withdrawn  by  the  contraction  of  muscles 
in  their  walls  which  forces  the  water  back  into  the  ampulias.  The  cavities 
of  the  tube  feet  are  all  connected  by  radial  canals  in  the  arms,  and  these, 
in  turn,  are  connected  by  a  circular  canal  in  the  central  disc. 

To  attack  a  clam  or  oyster,  the  sea  star  mounts  it,  assuming  a  humped 
position  as  it  straddles  the  edge  opposite  the  hinge.  Then,  with  its  tube 
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Fig.  60.  Some  representatives  of 


the  five  classes  of  Echinodermata.  (Hunter  and  Hunter 
College  Zoology.) 


feet  attached  to  the  two  shells,  it  begins  to  pull  ■  The  ^am.  of 

nlovfng^or  st^Uo^^ycltmtJaiKl^oysters^spe1^  of  attack  is  not  necessary 
as  it  is  for  most  predators. 
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There  are  no  special  respiratory  or  circulatory  systems  in  these  ani¬ 
mals;  both  functions  are  accomplished  by  the  fluid  which  fills  the  large 
celomic  cavity  and  bathes  the  internal  organs.  Nor  is  there  any  special 
excretory  system — wastes  pass  to  the  outside  by  diffusion.  The  nervous 
system  consists  of  a  ring  of  nervous  tissue  encircling  the  mouth,  and  a 
nerve  cord  extending  from  this  into  each  arm.  I  here  is  no  aggregation 
of  nerve  cells  which  could  be  called  a  brain. 

A  second  class  of  echinoderms,  the  brittle  stars  or  serpent  stars  also 
have  a  central  disc,  but  their  arms  are  long  and  slender,  enabling  them 
to  move  rapidly.  The  arms  are  discarded  and  replaced  when  injured. 


Gl 


o 


II  slit 
conol 


Exton!l‘.rr  OCOm  rr  a  n,emlier  °f  subphjdmn  Hemichordata.  A, 

stran  l.  ™  .  a  i°ng,lud,"a L8"110"  through  the  anterior  end  to  show  the  internal 

structures.  (Hunter  and  Hunter:  College  Zoology.) 


rnfh*  Urct'ns’-  “  third,class  of  echinoderms.  look  like  animated  pin¬ 
cushions,  bearing  on  their  rather  round  bodies  long,  movable  spines 

J  atTwet  n  fUbe  ^  Pr0t™de-  J"  features  the  eaLTZs 
plates  have  fused,  forming  a  spherical  shell,  and  in  the  center  of  the 

cute8:  fIece0oflhth  “  Thc  ‘Z  '“*•  ™nged  1 TZt^s 

sea  stars  but  thi  t  ^  T  °ngCr  ^  m°re  slender  than  those  of 

•  i  stars,  but  the  water  vascular  system  is  otherwise  similar 

fit  f  . . .  -  * 

shape  "1  »  gherkin. 

animals  have  a  eirele  nf  tnntnoi  t  i  tnei  pnyla,  these 

with  the  starfish,  thev  have  *  ,  around  mouth,  and,  in  common 

may  not  have  external  tube  feet  <U  Systcm’  ^ut  may  or 

their  internal  organs  through  the  moinh  aorTtite’  ""  '  Tct  t"ost  "I 
parently  di,,„,  ,h,  a.Untio,  i,'",K  £ 


118 


The  Variety  of  Life 

cucumber  escapes,  eventually  to  grow  a  new  set  of  internal  organs. 
The  bodies  of  sea  cucumbers  are  quite  flexible,  hollow  muscular  sacs. 

The  crinoids,  or  sea  lilies,  are  rather  like  a  starfish  turned  mouth  side 
up,  with  a  number  of  arms  extending  upward  and  a  stalk  which  attaches 
the  animal  to  the  sea  bottom.  There  are  many  more  fossil  than  living 
species. 

The  foregoing  description  does  not  exhaust  the  great  variety  of  ani¬ 
mals.  In  addition  to  these  phyla,  there  are  other  groups  of  invertebrates 
sometimes  put  in  phyla  of  their  own,  sometimes  classified  under  other 
phyla  which  are  not  important  enough  to  be  discussed  here. 


Mouth 


14.  The  Chordata.  The  last  great  phylum  of  animals,  that  to  which 
man  belongs,  is  the  phylum  Chordata,  whose 

having  a  notochord,  a  dorsal,  hollow  nerve  cord,  and  gil  slits.  In  ad 
tion  to  the  main  classes— the  fishes,  amphibia  reptiles  birds  and  mam- 
Lls  which  make  up  the  subphylum,  Vertebrate,  characterized  by  a 
cartilaginous  or  bony  vertebral  column— the  phylum  Chordata  inc 
th  ee  subphyla  of  lowly  creatures  which  show  the  chordate  characte - 
['tics  to  some  extent,  and  are  extremely  interesting  examples  of  possible 
connecting  links  between  the  vertebrates  and  invertebrates. 

*  The  latter  are  not  always  visible  in  the  adult  form. 
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The  title  of  “chordate-least-like-the-vertebrates”  falls  to  the  acorn 
worm,  a  burrowing  marine  animal  (Fig.  Cl) .  On  its  anterior  end  is  a 
muscular  proboscis  used  in  travelling  through  the  sand;  behind  this,  a 
collar;  and  then  a  long,  soft,  wormlike  body.  The  mouth  is  on  the  lower 
side  of  the  body  at  the  base  of  the  collar,  and  just  behind  the  collar, 
perforated  by  many  gill  slits,  is  the  pharynx,  through  which  water 
passes.  As  it  burrows  along,  the  animal  feeds  on  organic  matter  in  the 
sand.  The  nervous  system  is  a  diffuse  network  over  most  of  the  body, 
but  concentrated  into  dorsal  and  ventral  nerve  cords  in  the  anterior 
region.  Only  the  dorsal  nerve  cord  extends  into  the  collar,  where  it 
becomes  thick  and  hollow.  There  is  a  short,  rodlike  outgrowth  from  the 
anterior  end  of  the  digestive  tract  which  extends  into  the  cavity  of 
the  proboscis.  Although  this  is  called  a  “notochord,”  it  is  not  clear 
whether  it  really  corresponds  to  the  notochord  of  other  chordates.  The 
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tig.  63.  External  view  and  a  longitudinal  section  of  amphioxus,  a  member  of  the 
Cephalochordata.  (Hunter  and  Hunter:  College  Zoology.) 


subphylum 


teristieTh  ‘  ‘V®"’  l°  “  .limite<1  deSree>  the  three  chordate  charac- 

ctten  mk\X  7'  h°W?ver’  '/  much  like  that  of  the  echinoderms  and  is 

forms  is  quite' different  C°UrSe  develo>)ment  of  the  two 

ett  mCo°stdofUtbhPhylU»  is,CTf0Sed  of  the  seo  sd“hts  or  Tunicate*  (Fig 
.  f  lhem,  attached  forms  unlike  the  other  chordates-  indeed 

The  larval'  form  "of  the  timift  "  l!“Stake"  f.or  sPonges  or  coele’nterates! 
«eially  like  a  Ti 

contammg  a  notochord  and  dorsal  nerve  cord  The  1„  S 

becomes  attached  to  the  qP.,  ,  , co.  1  le  ^arva  eventually 

the 

data,  all  three  el^e'ch^ 
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notochord  extending  from  the  tip  of  the  head  to  the  tip  of  the  tail,  a 
large  pharyngeal  region,  with  many  pairs  of  gill  slits,  and  a  hollow,  dor¬ 
sal  nerve  cord  (Fig.  63)  .  The  cephalochordates  are  small,  translucent, 
fishlike  animals,  a  few  inches  long,  which  live  in  shallow  seas  all  over  the 
world,  either  swimming  freely  or  burrowing  in  the  sand  near  the  low 
tide  line.  They  feed  by  drawing  a  current  of  water  into  the  mouth  (by 
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The  Animal  Kingdom 

The  Vertebrates  are  distinguished  by  an  internal  skeleton  of  cartilage 
or  bone,  the  anterior  end  of  which,  called  the  brain  case,  encloses  the 
enlarged,  anterior  end  of  the  nerve  cord.  Additional  characteristics  are 
paired  eyes,  which  developed  as  outgrowths  of  the  brain,  and  paired 
ears,  originally  organs  of  equilibrium.  The  vertebrates  also  have  a  ven¬ 
tral,  muscular  heart  which  pumps  blood  around  a  closed  circulatory 
system. 

The  classes  of  the  subphylum  Vertebrata  are  as  follows:  the  Agnatha, 
the  jawless  fishes,  such  as  the  lamprey  eels;  the  Placodermii,  earliest  of 
the  jawed  fishes,  known  only  from  fossils;  the  Chondrichthyes,  the  sharks 
and  rays  with  cartilaginous  skeletons;  the  Osteichthyes,  the  bony  fishes; 
the  Amphibia,  the  frogs  and  salamanders;  the  Reptilia,  the  snakes, 
turtles  and  alligators,  plus  a  host  of  fossil  forms  like  the  dinosaurs;  the 
Aves,  the  birds;  and  the  Mammalia,  the  warm-blooded,  fur-bearing 
animals  that  suckle  their  young. 

The  various  members  of  the  animal  kingdom  cannot  be  placed  on  a 
single  scale  ranging  from  lowest  to  highest,  for  evolution  has  occurred 
in  the  manner  of  a  branching  tree,  rather  than  in  a  continuous  series 
(Fig.  64) .  We  cannot  say,  for  example,  that  the  starfish  is  “higher”  or 
lower  than  the  oyster;  the  two  forms  are  simply  representative  of  the 
main  trunks  of  the  evolutionary  tree — one  giving  rise  to  echinoderms 
and  chordates,  the  other  to  fiatworms,  nemerteans,  annelids,  arthropods 
and  molluscs.  Between  the  two  groups  are  deep-lying  differences  of 
structure  and  development  which  will  be  discussed  in  Chapter  27. 
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THE  ORGANIZATION  OF  THE  BODY 


CHAPTER  8 


THE  BLOOD 


BLOOD  is  a  tissue  just  as  muscle,  bone  and  epithelia  are  tissues,  being 
composed  of  a  group  of  cells  with  specific  functions.  It  is  a  par¬ 
ticularly  convenient  tissue  to  study  because  it  can  be  easily  obtained: 
a  sample  taken  from  a  small  skin  puncture  is  not  injured  in  any  way, 
and  the  cells  may  be  observed  in  their  normal  condition.  For  this  reason, 
much  of  the  work  on  the  relationship  of  cells  to  their  environment  has 
been  done  with  blood. 

The  amount  of  blood  in  a  person  depends  upon  his  weight;  an  average 
man  weighing  150  pounds  has  approximately  5  quarts  of  blood,  just  the 
quantity  of  oil  in  the  crankcase  of  most  cars.  Blood  performs  a  number 
of  important  functions:  it  carries  food  and  oxygen  to  all  cells,  and  re¬ 
moves  the  waste  products  of  metabolism;  it  transports  the  secretions 
of  the  endocrine  glands,  the  hormones;  it  has  the  ability  to  equalize  the 
water  content  of  the  body,  giving  off  or  taking  up  water  from  the  other 
tissues  as  needed;  and  it  is  an  important  factor  in  equalizing  body  tem¬ 
perature,  cooling  such  organs  as  the  muscles  where  excessive  heat  is 
produced,  and  heating  others  (such  as  the  skin)  where  the  loss  of  heat 
is  greatest.  Finally,  through  the  action  of  the  white  blood  cells,  it  plays 
a  vital  role  in  the  body’s  defense  against  disease  organisms. 

As  it  flows  from  a  wound,  blood  appears  to  be  a  sticky,  homogeneous, 
crimson  fluid,  a  little  heavier  than  water.  Chemical  analysis  shows  it  to 
be  just  on  the  alkaline  side  of  neutrality,  with  a  pH  of  about  7.39.  Micro¬ 
scopically,  it  is  composed  of  a  slightly  yellowish  liquid,  the  plasma  (con¬ 
stituting  about  55  per  cent  of  whole  blood),  in  which  float  particles, 
the  formed  elements  (comprising  the  remaining  45  per  cent).  There  are 
variations  in  these  proportions  even  in  healthy  people;  after  profuse 
perspiration  the  plasma  may  constitute  only  50  per  cent  of  the  whole 
blood,  and  after  drinking  a  great  deal  of  water  or  beer  it  may  be  in¬ 
creased  to  60  per  cent. 

There  are  three  types  of  formed  elements:  red  blood  cells,  which  give 

^°0f  tinv  f°r’  °r'esf  W,hi,e  blood  cel,s'  and  blood  platelets,  consist- 
wWlf  *• fragments.  br.oken  oft  large  cells  in  the  hone  marrow 
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are  heavier  (specific  gravity,  1.09)  than  plasma  (specific  gravitv  1  03) 
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not  been  completely  analyzed,  and  some  of  its  constituents  are  still 
unknown.  About  90  per  cent  of  plasma  is  water,  about  7  per  cent  is 
protein,  about  0.9  per  cent  is  salts,  and  0.1  per  cent  is  glucose;  the  other 
substances  are  present  in  minute  amounts.  In  spite  of  the  fact  that 
plasma  is  constantly  losing  and  taking  up  materials,  it  maintains  the 
relatively  constant  composition  necessary  for  life.  This  is  made  possible 
by  a  complex  set  of  relationships  between  the  organs  of  the  body.  Any 
change  in  the  composition  of  the  blood  initiates  a  readjustment  of  some 
kind  to  restore  the  normal  equilibrium. 

The  proteins  in  plasma  necessary  to  maintain  the  water  balance  of 
the  blood  include  fibrinogen  (important  in  blood  clotting) ,  serum  al¬ 
bumin  and  serum  globulin — all  of  them  colloidal  sols.  The  proteins  are 
responsible  for  the  viscosity  of  blood,  which  is  about  six  times  that  of 
distilled  water.  Any  deviation  from  the  normal  impairs  circulation.  Since 
the  plasma  protein  molecules  are  too  large  to  pass  through  the  walls  of 
blood  vessels,  they  exert  an  osmotic  pressure,  causing  water  to  pass  from 
the  surrounding  tissues  into  the  blood.  Water  tends  to  filter  back  out  of 
the  capillaries  because  of  the  filtration  pressure,  and  the  osmotic  pres¬ 
sure  of  the  plasma  proteins  keeps  the  amount  of  water  constant.  Under 
certain  conditions,  such  as  shock,  the  balance  is  upset,  because  the  blood 
vessels  become  permeable  to  the  plasma  proteins,  and  water  passes  out 
of  the  blood  vessels.  In  some  diseases  the  kidneys  permit  plasma  pro¬ 
teins  to  pass  through  into  the  urine,  thereby  lowering  the  concentration 
of  proteins  in  the  blood.  The  osmotic  pressure  no  longer  balances  the 
filtration  pressure,  so  that  water  passes  from  the  blood  into  the  body 
tissues,  resulting  in  the  condition  known  as  edema.  The  plasma  proteins 
are  also  important  for  recovery  after  a  hemorrhage.  Loss  of  blood  causes 
a  decrease  in  the  blood  pressure  all  over  the  body,  and  a  corresponding 
decrease  in  the  filtration  pressure.  Since  the  percentage  of  proteins  in 
the  remaining  plasma  is  unchanged,  the  osmotic  pressure  becomes 
greater  than  the  filtration  pressure.  Therefore,  water  passes  from  the 
tissues  into  the  blood  vessels  and  the  lost  blood  is  partly  replaced  by 
this  liquid.  This  balance  between  osmotic  and  filtration  pressure  is  just 
one  of  the  many  automatic  devices  of  the  body  which  maintain  le 

'topiTsma°contains  a  variety  of  salts-compounds  of  sodium,  potassimm 
calcium  and  magnesium  with  chloride,  carbonate,  phosphate  and  sulfate 
ions  The  total  concentration  of  all  these  salts  is  abou  •  Per 
mammals,  and  slightly  less  in  the  lower  animals  A  marked  change  m  h 
concentration  of  any  of  the  salts  results  in  profound  changes  in 
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When  whole  blood  or  plasma  is  removed  from  the  blood  vessels,  it 
clots,  or  changes  into  a  gelatinous  mass.  If  this  is  allowed  to  stand  for 
a  time,  it  shrinks  and  squeezes  out  a  light,  yellow  liquid  called  serum. 
Plasma,  then,  is  the  liquid  part  of  whole  blood;  serum  is  the  liquid  left 
after  clotting  has  occurred.  The  chemical  composition  of  serum  is  almost 
identical  with  that  of  plasma,  the  chief  difference  being  the  absence  from 
serum  of  fibrinogen,  one  of  the  plasma  proteins.  In  the  clotting  process 
the  fibrinogen  changes  from  a  sol  to  a  gel  and  forms  the  firm  part  of 
the  clot. 

1.  Plant  Sap.  The  material  in  the  higher  plants  which  is  somewhat 
analogous  to  blood  plasma  is  the  plant  sap.  This  is  a  complex  solution 
of  many  substances,  both  organic  and  inorganic,  which  is  transported 
from  one  part  of  the  plant  to  another.  The  substances  present  and  their 
concentrations  vary  greatly  in  different  plants  and  in  various  parts  of 
the  same  plant.  Water  is  absorbed  by  the  epidermal  cells  of  the  roots 
and  moved  to  all  parts  of  the  plant.  Sugar  is  manufactured  in  the  leaves 
and  carried  to  other  cells  to  be  used  for  the  release  of  energy  or  for  the 
production  of  more  complex  carbohydrates,  fats  and  proteins.  Stored 
food  in  the  root  or  stem  is  transported  to  other  parts  of  the  plant  to  be 
utilized. 

The  simpler,  lower  plants  have  no  specialized  vascular  tissues:  all  the 
cells  are  involved  in  the  movement  of  materials.  In  the  higher  plants, 
where  substances  must  be  carried  long  distances,  special  vascular  tissues' 
— xylem  and  phloem — have  evolved  to  perform  the  task.  A  few  plants 
lave  an  additional  latex  system,  containing  the  milky  substance  latex, 
which  is  probably  an  additional  vascular  tissue.  Latex  is  rich  in  food 

it  vtTr8  (carb0!^drates,  ai!d  Proteins) .  certain  plants  containing 
.  eld  commercially  valuable  products  such  as  rubber  chicle  and 
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cubic  millimeter  of  blood  in  the  adult  male,  and  about  5,000,000  in  the 
adult  female.  Newborn  infants  have  a  larger  number,  between  6,000,000 
and  7,000,000  per  cubic  millimeter.  This  number  gradually  decreases 
throughout  childhood  to  the  adult  number. 

There  are  about  thirty  trillion  red  blood  cells  in  the  human  body. 
This  figure  is  estimated  from  a  small  sample,  by  a  procedure  known 
as  the  red  cell  count.  Since  the  number  of  red  cells  per  cubic  millimeter 
is  an  important  factor  in  determining  a  person’s  general  health,  almost 
all  clinical  examinations  include  such  an  analysis.  The  device  for  count¬ 
ing  red  blood  cells,  called  a  hemocytometer,  includes  a  diluting  pipette 
and  a  counting  chamber.  Blood  drawn  from  the  patient  is  first  accu¬ 
rately  diluted  200  times,  by  using  the  diluting  pipette  to  draw  blood 
up  to  the  0.5  mark  and  then  adding  the  proper  diluting  fluid  to  bring 
the  combined  blood  and  fluid  to  the  101  mark.  The  blood  and  diluting 
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gen  and  makes  it  available  to  the  tissues.  Through  this  property  of 
hemoglobin,  the  red  cells  carry  out  their  chief  function,  the  transporta¬ 
tion  of  oxygen  from  the  lungs  (gills  in  fish)  to  all  the  tissues  of  the 
body.  They  also  assist  in  the  return  of  carbon  dioxide  to  the  lungs. 

Carbon  monoxide,  present  in  commercial  illuminating  gas  and  in  the 
exhaust  gas  of  automobiles,  also  forms  a  compound  with  hemoglobin. 
This  gas  is  poisonous  because  the  carbon  monoxide  hemoglobin,  being 
unable  to  combine  with  oxygen,  cannot  transport  it  to  the  cells.  If  the 
air  breathed  contains  only  half  of  1  per  cent  of  carbon  monoxide,  about 
half  the  blood  hemoglobin  is  in  the  form  combined  with  carbon  monox¬ 
ide,  and  only  half  is  left  to  transport  oxygen.  This  has  the  same  effect  as 
the  sudden  loss  of  half  of  one’s  red  cells.  The  union  of  hemoglobin  with 
carbon  monoxide  is  reversible,  just  as  is  the  union  with  oxygen,  but  the 
decomposition  of  carbon  monoxide  hemoglobin  is  slow,  and  several  hours 
in  an  atmosphere  free  of  carbon  monoxide  are  required  to  free  the  blood 
of  it.  People  suffering  from  carbon  monoxide  poisoning  should  therefore 
be  given  fresh  air,  and  artificial  respiration  if  necessary. 

In  some  types  of  disease,  such  as  blackwater  fever,  a  complication  of 
malaria,  the  red  blood  cells  are  destroyed  and  hemoglobin  is  released  to 
the  plasma  and  excreted  in  the  urine,  making  it  black.  Many  diseases 
cause  a  decrease  in  the  amount  of  hemoglobin  in  the  blood,  a  condition 
known  as  anemia. 

4.  Life  History  of  Red  Cells.  Red  blood  cells  are  constantly  being  de¬ 
stroyed  and  new  ones  manufactured,  yet  the  total  number  remains 
remarkably  constant.  These  cells  are  produced  in  the  red  bone  marrow,* 
which  lies  in  the  hollow  cavities  of  most  of  the  bones,  and  consists  of  a 
network  of  connective  tissue  cells.  The  red  cells  are  actually  formed  by 
the  rapid  division  of  cells  which  line  the  blood  vessels  of  the  red  mar¬ 
row.  Normal  cell  division  is  possible  only  in  cells  with  a  nucleus  and  the 
precursors  of  the  red  blood  cells  in  the  red  bone  marrow  are  unspecial- 

.  ceIIi5  Wlth  a  nucieus  and  no  hemoglobin  (Fig.  C5) .  After  under¬ 
going  its  last  division,  each  cell  is  gradually  transformed  into  a  mature 
corpuscle  by  a  process  which  includes  the  loss  of  the  nucleus,  the  manu- 
acture  of  hemoglobin,  and  the  change  to  the  biconcave  disc  shape 
During  the  formation  of  red  cells  the  blood  vessels  of  the  red  bone 
marrow  are  closed,  preventing  the  passage  of  blood.  As  soon  as  he  cells 
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to  engulf  or  phagocytize  red  blood  eells  and  thus  destroy  them.  Why 
they  should  destroy  some  red  cells  and  not  others  is  unknown;  presum¬ 
ably,  only  the  old,  worn-out  cells  are  demolished. 

In  the  liver,  hemoglobin  is  broken  down  chemically  into  a  number  of 
simpler  substances.  At  least  some  of  the  iron  is  carried  back  to  the  red 
bone  marrow  and  re-used  in  the  formation  of  new  hemoglobin.  Another 
of  these  substances  is  converted  into  bile  pigments,  excreted  by  the 
liver  down  the  bile  duct  into  the  intestine,  from  which  they  finally  pass 
from  the  body  in  the  feces.  These  pigments  are  largely  responsible  for 
the  color  of  the  feces;  if  the  bile  duct  is  blocked  by  a  gallstone,  the  pig¬ 
ments  are  prevented  from  entering  the  intestine  and  the  feces  are  almost 
colorless. 

Estimates  indicate  that  in  an  average  adult,  between  ten  and  fifteen 
million  red  cells  are  destroyed  and  formed  per  second,  every  day 

throughout  life. 

The  constancy  of  the  number  of  red  cells  provides  us  with  an  excellent 
example  of  dynamic  equilibrium.  New  cells  are  constantly  foimed  and 
old  cells  are  constantly  destroyed,  yet  because  of  a  balance  between  the 
formative  and  destructive  processes,  the  total  number  of  red  cells  re¬ 
mains  relatively  constant.  A  clue  to  the  mechanism  involved  in  main¬ 
taining  this  equilibrium  lies  in  the  fact  that  a  sojourn  of  a  few  weeks 
at  a  high  altitude  increases  the  red  count  to  six  or  seven  million  pei 
cubic  millimeter.  Experiments  show  that  this  is  due  simply  to  the  de¬ 
creased  amount  of  oxygen  present  in  the  air.  The  increase  in  red  ce  s 
can  be  produced  at  sea  level  in  experimental  animals  kept  in  a  pressure 
chamber  where  the  atmosphere  has  a  lowered  oxygen  content  similar 
to  that  of  air  at  high  altitudes,  but  a  total  pressure  similar  to  that  at 
sea  level.  A  reduced  amount  of  oxygen  in  the  air  is  reflected  in  the  le- 
duced  amount  of  oxygen  in  the  blood,  and  the  cells  in  the  re  one 
marrow  respond  to  this  decreased  oxygen  content  by  producing  more 
red  cells.  Why  and  how  they  are  able  to  respond  precisely  in  this  way 

1S  ^“cXin  the  spleen  and  liver  ordinarily  prevent  an  excess  of  red 
cells  by  increasing  the  rate  of  red  cell  destrnct.on.  These  two  has  c 
processes  plus  other  secondary  factors,  keep  the  number  of  red  cells 
constant  If  the  number  drops  for  any  reason-hemorrhage,  increased 

o™,»  1..1 •;« 

s  tescrr  s£ 

5.  Oxygen  tarrying  maIwlon-nucleated,  biconcave  discs 

have  red  cel  s  simi  other  vertebrates,  including  birds,  reptiles, 

containing  hemoglobm.  11  ^  ^  ^  containi„g  hemo- 

amphibians  and  fishes  of  the  lower  forms  are 

much*  larger^than* those  frog’s  red  corpuscles  are  about  35 

m  There  tsVvarfety  oxygen-carrying  devices  among  the  invertebrates. 
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A  few  worms  have  blood  cells  containing  hemoglobin,  but  in  others, 
sucli  as  the  earthworm,  the  blood  pigment  is  dissolved  in  the  plasma, 
instead  of  in  cells.  The  blood  of  other  invertebrates  is  characterized  by 
different  blood  pigments:  that  of  crabs,  for  instance,  is  blue-green,  owing 
to  hemocyanin,  a  blood  pigment  containing  copper  instead  of  iron. 

Plants  have  neither  blood  cells  nor  blood  pigments  and  no  need  for 
them,  since  most  of  the  cells  are  exposed  to  the  air  or  to  oxygen  in  the 
soil.  Other  cells,  unable  to  obtain  oxygen  directly,  get  it  by  means  of 
air  spaces  and  canals  which  penetrate  to  all  parts  of  the  plant. 

Hemoglobin  and  other  blood  pigments  are  related  to  substances 
known  as  respiratory  enzymes,  common  to  all  cells  and  involved  as 
catalysts  in  the  utilization  of  oxygen  and  the  release  of  energy  by  the 
chemical  breakdown  of  food.  Their  interactions  are  complex  and  not 
completely  understood.  Some  of  them,  the  cytochromes,  contain  iron, 
while  others  contain  copper.  These  catalysts  enable  the  cell  to  carry  on 
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T;vpes  of  "  hite  blood  cells.  /.  Basophil;  II,  eosinophil;  III,  neutrophil-  a-d  Ivm- 

mZT  m°n0C>  m’ red  H°0d  re"S  ,lra"  n  l°  the  sa™  (Mtuthnow  and 

bfdaunra,oTdly,Bat.relftiV^ly  l0W  temperatures — processes  which  can 

life  and'Tlch  LVefsp^s  0n'V  “  *“**“*”-  inC°mpatible 

6.  White  Corpuscles.  White  blood  cells,  or  leukocytes,  differ  consider 
essy  hr:.yreC;ai„Ce  S;  and  itence  are  cl T 

'nd 

fHe  wans.  Uood^“  ^ 

ageWl;ebl“daboutTO00whhiLeS:  7™™*  «d  ones;  on  the  aver- 
fluctuations  in  this  numb*  -"imeter, Gonsiderab.e 

occur  tn  different  people  and  even  in  the  per  C"b'C  mil'™eter) 

?f  the  day.  The  white  count  is  lowest!  ^  T*11  at.  differen‘  times 
m  the  afternoon.  To  some  extent  the  wht  earlty  morniI;8  and  h!?hest 
nourishment;  poorly  nourished  peonle  ho"  '  i”  c0"nt  is  an  index  of 
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reduction  to  500  or  less  per  cubic  millimeter  is  fatal.  In  counting  the 
number  of  white  cells,  the  same  principle  is  used  as  in  counting  red 
cells;  the  blood  is  diluted  less  (only  ten  times  instead  of  200) ,  and  the 
diluting  fluid  contains  a  substance  (acetic  acid)  to  destroy  the  red  cells 
which  otherwise  would  interfere  with  the  count.  The  solution  is  stained 
with  gentian  violet  to  make  the  white  cells  easily  visible.  The  diluted 
blood  is  placed  in  a  counting  chamber,  the  white  cells  in  a  known  volume 
are  counted,  and  proper  corrections  result  in  a  figure  representative  of 
the  number  of  white  cells  per  cubic  millimeter  of  undiluted  blood. 

The  five  types  of  white  cells  (Fig.  66)  can  be  differentiated  by  stain¬ 
ing  the  blood  with  Wright’s  stain  or  some  other  dye. 

The  lymphocytes,  the  smallest  of  the  white  cells,  are  between  8  and 
9  microns  in  diameter.  They  have  a  large  nucleus,  either  spherical  or 
slightly  indented,  which  is  colored  a  dark  blue-purple  by  Wrights  stain. 
Their  cytoplasm  is  scant,  forming  a  thin  layer  around  the  nucleus.  It  is 
free  from  granules  and  stains  a  light,  robin’s-egg  blue.  Lymphocytes 

are  less  motile  than  the  other  white  cells. 

The  largest  of  the  white  cells,  the  monocytes,  vary  from  12  to  20 
microns  in  diameter.  Their  nucleus  is  indented  considerably,  varying 
from  a  bean  to  a  horseshoe  shape,  and  stains  a  muddy  purple.  The 
cytoplasm  is  abundant,  nongranular,  and  stains  slate-blue.  The  mono¬ 
cytes  are  motile  and  have  the  power  to  engulf  bacteria. 

The  next  three  types,  neutrophils,  eosinophils  and  basophils,  are 
similar  in  many  ways.  All  have  nuclei  divided  into  from  two  to  five 
lobes  which  are  connected  by  a  thread  of  nucleoplasm;  al  have  granules 
of  some  sort  in  the  cytoplasm;  and  all  are  between  9  and  12  microns  in 
diameter.  The  nuclei  stain  a  uniformly  dark  purple,  but  the  cytoplasmic 
granules  stain  differently.  All  three  types  are  motile  and  capable  of  en- 
cudfing  bacteria,  but  in  the  neutrophils  these  capacities  are  greater  than 
in  the§  others.  Their  nuclei  contain  from  three  to  five  lobes,  and  then 
small  cytoplasmic  granules  stain  a  pale  lavender.  The  eosinophils  have 
two-lobed  or  three  lobed  nuclei  and  large  cytoplasmic  granules  which 
stain  bright  red.  The  basophils  usually  have  a  two-lobed  nucleus  an 
lar^e  deep  blue-staining  cytoplasmic  granules. 

1  The  proportion  of  white  cells  belonging  to  each  class  is  determine 
bv  the  differential  white  cell  count.  This  consists  m  smearing  a  drop 

f  blood  thinlv  and  evenly  on  a  glass  slide  and  staining  it  with  Wng  s 

under  the  microscope  and  severa 

hundred  white  cells  are  counted  and  classified  H i  «  ■  person,  60 

to  70  ner  cent  of  the  white  cells  are  neutrophils,  about  25  per  cent  ar 
IvJphocvtes  5  to  ,0  per  cent  arc  monocytes.  1  to  4  per  cent  are  eosmo- 

on  however  is  to  provide  the  body  with  protect, on  against  disease 
tion,  however  is  w  invaded  bv  bacteria  or  other  disease- 

organ, sms.  men i  the  ^  u]f  an(J  destroy  the  intruders  by  the 

process  ^phagocytosis.  This  is  accomplished  by  means  of  project, ons 
which  surround  the  germs  while  the  cells  digest  the  . 
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When  bacteria  enter  the  body— through  a  wound,  for  example— they 
begin  to  destroy  the  cells  in  that  region  by  giving  off  poisonous  chem¬ 
icals  or  by  attacking  them  directly.  The  local  blood  vessels  respond  by 
dilating  and  bringing  in  an  extra  amount  of  blood.  This  increase  causes 
a  characteristic  reddening  and  higher  temperature  in  the  region,  known 
as  inflammation.  When  fluid  enters  the  tissue  from  the  blood  stream, 
swelling  results.  The  white  cells,  expecially  the  neutrophils,  migrate 
through  the  walls  of  the  blood  vessels  and  phagocytize  the  invaders  and 
the  remains  of  any  destroyed  cells  from  that  region.  In  the  process 
some  of  the  white  cells  are  killed.  The  aggregation  of  dead  tissue  cells, 
bacteria,  and  living  and  dead  white  cells  forms  a  rather  thick,  yellowish 
fluid  called  pus.  The  white  cells  apparently  are  guided  to  points  of  in¬ 
fection  by  chemicals  given  off  by  the  invading  organisms. 

After  the  bacteria  have  been  successfully  destroyed,  the  lost  tissue 
must  be  replaced.  Some  of  the  tissues  of  the  body  have  the  ability  to 
regenerate  by  the  multiplication  of  neighboring  cells;  others  have  only 
a  limited  ability  to  regenerate  and  must  be  replaced  by  connective  tis¬ 
sue  cells  which  secrete  fibers  to  form  scar  tissue.  The  lymphocytes  are 
believed  to  be  active  in  this  process,  since  frequently  there  are  great 
numbers  of  them  in  areas  where  healing  is  occurring.  Experiments  in 
which  lymphocytes  are  grown  outside  the  body  in  sterile  media  have 
shown  that  in  these  conditions,  and  presumably  also  inside  the  body, 
lymphocytes  can  change  into  connective  tissue  cells  and  thus  facilitate 
the  processes  of  repair. 

A  second  protection  against  disease  which  the  body  has  are  antibodies 
(see  p.  401),  specific  protective  substances,  usually  proteins,  which  are 
formed  in  response  to  some  foreign  material  in  the  blood  stream  called 
an  antigen.  Lymphocytes,  and  certain  other  cells  of  the  body,  are  be¬ 
lieved  to  be  responsible  for  manufacturing  these  antibodies. 

the  eosinophils  collect  in  large  numbers  whenever  the  body  is  in- 
fected  with  an  animal  parasite  such  as  the  Trichinella  worm'  which 
causes  trichinosis  (see  p.  409) ,  and  probably  are  helpful  in  counteract¬ 
ing  such  diseases.  Eosinophils  are  usually  abundant  also  during  attacks 

oi  hay  fever  asthma  and  similar  conditions,  but  their  relationship  to 
them  is  not  known.  1 

Most  infections  cause  an  increase  in  the  number  of  white  cells  which 

the  white  cehed  ^  ^  hemoCJ'tometer-  *"  aPP«ndicitis  or  pneumonia 
the  white  cell  count  may  increase  to  20,000  or  even  more  per  cubic 

the  infew  '  bmCe  the.mcrefse  is  usual|y  proportional  to  the  severity  of 
the  mice ion  successive  white  counts  arc  used  to  gauge  a  patient^ re 

covery.  Furthermore,  in  certain  diseases  particular  kinds  of  whh  n 

increase  in  number,  so  that  a  different!, ,1  w b  e  count  mav aid £ 

and  malaria  usually  effect  nn  ‘  1  ‘  A>Phoid  fever 
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hookworm,  and  in  scarlet  fever,  asthma  and  some  skin  diseases.  A  rise 
in  the  percentage  of  basophils  is  characteristic  of  leukemia.  Some  dis¬ 
eases,  such  as  influenza  and  measles,  bring  about  a  decrease  in  the  num¬ 
ber  of  white  cells. 

7.  The  Life  History  of  White  Cells.  Although  it  has  so  far  been  im¬ 
possible  to  measure  directly  the  rate  of  white  cell  formation  and  destruc¬ 
tion,  indirect  studies  indicate  that  the  normal  life  span  of  white  cells 
is  between  one  and  four  days.  White  cells  contain  nuclei,  but  division 
does  not  occur  among  those  in  circulation.  The  different  types  of  white 
cells  originate  in  different  parts  of  the  body:  the  lymphocytes  are 
formed  in  the  lymph  nodes  and  enter  the  blood  by  way  of  the  lymph 
vessels;  the  monocytes  are  formed  in  the  lymph  nodes,  spleen  and  per¬ 
haps  in  other  organs.  The  other  three  white  cells  originate  in  the  red 
bone  marrow,  from  cells  outside  the  blood  vessels  and,  when  mature, 
pass  through  their  walls  and  enter  the  blood  stream.  Some  investigators 
believe  that  these  white  cells  and  the  red  cells  originate  from  a  common 
stem  cell. 

White  cells  are  not  destroyed  by  any  particular  organ  of  the  body- 
some  are  killed  by  bacteria  in  the  body’s  constant  battle  against  them; 
others  wander  through  the  lining  of  the  digestive  tract  or  urinary  system 
and  are  swept  out  of  the  body  with  the  feces  or  urine. 


III.  DISEASES  OF  THE  BLOOD 

8  Anemia.  Anemia  is  not  a  specific  disease,  but  a  symptom  which  has 
many  causes.  It  is  characterized  by  a  decrease  in  the  number  of  red 
cells  in  the  blood  or  in  the  amount  of  hemoglobin  in  the  red  cells  or  by 
both  In  an  anemic  person  the  red  cell  count  may  fall  to  four,  three  or 
or  even  one  million  per  cubic  millimeter.  In  anemias  caused  by  the  ex¬ 
cessive  loss  or  destruction  of  these  cells,  the  red  bone  marrow  tries  to 
compensate  by  increasing  its  rate  of  cell  formation  and  immature,  nu- 
cleated  red  cells  are  released  into  the  blood  stream  Anemias  are  harmful 
because  they  interfere  with  the  transportation  ot  oxygen,  thereby  im¬ 
pairing  cell  metabolism,  and,  if  severe  enough,  lead  to  the  death  ol  the 

CeOne"cdaJsee  ofTnenda  is  injury  to  the  organs  concerned  in  the  manu¬ 
facture  of  red  cells — the  bone  marrow,  liver  and  spleen.  Tumors  of  the 
red  marrow  may  destroy  enough  tissue  to  produce  anemia,  and  certain 
substances  such  as  benzol  and  lead  are  especially  destructive  of  red 
marrow  so  that  industrial  workers  continually  exposed  to  them  may 

aC AnT  ereat° loss^oTblood  results  in  temporary  anemia  until  the  red 
Any  g  .  The  number  of  red  cells  in  500  cc.  (a 

^  a  donor  in  a  blood  trans¬ 
fusion)  is  replaced  in 

oTfliterorbloo";  to  lose  2  liters  or  more  is  usually  fatal,  unless  trans- 
fusions  are  promptly  given.  heriuse  0f  the  demands 

*■«», . ''"“t,";::;)"”.:*”  ™-"""'-'  «  « 
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through  its  first  year  or  so  of  life  when  its  diet  is  almost  wholly  milk. 
Milk  is  a  poor  source  of  iron,  and  a  prolonged  milk  diet  will  cause 
anemia.  Because  most  of  the  iron  of  hemoglobin  is  salvaged  and  re-used, 
the  amount  needed  in  the  diet  is  low — about  0.01  gm.  daily — and  an 
ordinary  diet  easily  supplies  it. 

Pernicious  anemia,  so  called  because  until  1927  it  was  as  uniformly 
fatal  as  an  advanced  case  of  cancer,  is  characterized  by  successive  de¬ 
creases  of  the  red  cell  count,  sometimes  with  a  partial  recovery  between 
attacks,  until  death  occurs.  The  red  cells  in  a  person  suffering  from  this 
disease  have  a  normal  hemoglobin  content,  but  are  excessively  fragile 
because  of  a  deficiency  of  the  material  providing  the  structural  frame¬ 
work  of  the  cell.  For  this  reason  the  cells  are  destroyed  more  rapidly 
than  usual.  A  clue  to  a  possible  treatment  of  the  disease  resulted  from 
studies  on  dogs  made  by  Dr.  Whipple  at  the  University  of  Rochester. 
The  animals  were  first  made  anemic  by  repeated  bleedings,  then  fed 
various  diets,  and  observed  for  signs  of  recovery.  Liver  was  found  to 
be  the  best  food  for  promoting  the  normal  condition.  After  these  ex¬ 
periments  some  physicians  at  Harvard  University  fed  patients  suffering 
from  pernicious  anemia  large  amounts  of  liver.  The  results  were  strik- 
ing:  .the  red  cell  count  began  to  rise  after  a  few  days  and  reached  normal 
within  several  weeks.  Feeding  liver  does  not  effect  a  cure,  however,  for 
if  it  is  stopped,  the  anemia  returns  and  the  patient  dies.  But  as  long  as 
he  eats  sufficient  liver  to  supply  the  substance  necessary  for  normal  cell 
s  ructure,  the  red  count  remains  normal,  and  the  patient  enjoys  almost 
normal  healtFA  liver  extract  containing  this  substance  is  now  available 
and  people  suffering  from  pernicious  anemia  can  take  the  extract  rather 
tha"  eat  whole  liver.  In  1948  the  substance  was  isolated  and  is  now 
nown  as  vitamin  B,,  In  normal  persons  the  chemical  is  produced  in 

tionfoHf  th ,fnd  ‘  ’e  v'n  CaUSe  °f  Pernicious  anemia  is  any  malfunc- 
matoial  °rRan  preVents  Hs  ma"’lfact"ring  the  anti-anemia 

Jr"  Tr  TUlt  fr0nJ  a"y  condit!on  which  destroys  red  cells- 
paras"t4  One  of ^hrnSffnf  chfemica,s’  and  Presence  of  certain  worm 
“ l  A  •TeS?,ake  Ven°m  "  the  ''^notion 

£££*  of  cells 


perhaps  154)00.000  n'r  cubic"  mi  IP  T  n,,.mlie!'  of  rcd  cells— reaching 
condition  follows  diarrhea  lire  Ca  0,1  PolvcV,hemia,  This 

The  total  number  of  red  ^  is  notlcr  '  ^TT'i  fl',!ds  °f  the  H. 

plasma  and  a  smaller  total  blood  vnl  °aS<^:  b,,t’  because  tb^re  is  less 
number  of  red  cells  ’»  the 

be  effected  by  an  overproduction  of  the  red  cells  ^n  the  T'"  maV  S° 
fO.  Leukemia.  Leukemia  i<=  o  a-  -  ,  s  n  ™e  re^  marrow 

-11,  They  multiply  tmi  too  ratr  tl.l  ■  Sivi"*  rise  to  white 
hundred  thousand  per  cubic  millimeter  of  bloorT Vl"  '°  severaI 

abnormal,  and  many  are  immature  This  rT  C°  S  produced  are 

unknown  cause,  is  similar  to  cancer  in  tlmlT^'  "S"*?y  fatal  and  of 
begin  to  multiply  too  rapidly.  H  Rr0Up  of  ee|Is  suddenly 
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IV.  BLOOD  PLATELETS 


The  third  formed  element  of  the  blood,  the  blood  platelets,  is  im¬ 
portant  in  helping  to  initiate  blood  clotting.  The  platelets  are  tiny 
(about  one  third  the  diameter  of  a  red  cell) ,  colorless,  spherical  bodies 
without  a  nucleus.  Most  of  them,  it  is  believed,  originate  from  the  break¬ 
ing  off  of  pieces  of  giant  cells  in  the  red  marrow,  although  recent  experi¬ 
ments  indicate  that  some  are  formed  by  certain  phagocytic  cells  in  the 

lungs.  Their  life  span  is  about  four  days. 

11.  The  clotting  of  blood.  An  elaborate  mechanism  has  evolved  to 
prevent  accidental  loss  of  blood  from  the  body.  In  some  of  the  lower 
animals,  such  as  the  crab,  excess  loss  is  prevented  by  the  powerful  con¬ 
traction  of  muscles  in  the  wall  of  the  blood  vessel.  In  man  and  the  other 
vertebrates  this  end  is  accomplished  by  a  series  of  chemical  reactions 
resulting  in  a  clot  which  plugs  the  broken  vessel.  Clotting  is  essentially 
a  function  of  the  plasma,  not  of  the  blood  cells,  and  involves  the  chang¬ 
ing  of  one  of  the  plasma  proteins,  fibrinogen,  from  the  sol  (liquid)  to 


the  gel  (solid)  state.  .  .  , 

When  blood  is  drawn  from  a  blood  vessel  into  a  container  it  c hang  ^ 
from  a  liquid  into  a  semisolid  gel  in  about  six  minutes  (the  dotting 
time  varies  from  about  four  to  ten  minutes) .  The  change  in  consi.t 

brought  about  by  the  presence  of  tiny  threadlike  structures^  which 
form  an  interlacing  network  of  fibers,  made  of  a  material  died  fibrur 
The  fibers  primarily  form  in  the  region  of  disintegrating  p  a 
may  appear  even  in  their  complete  absence.  Meanwhile,  red  and  win  e 

sssrusi sxxu  i.  ■—  -  w. 

exposed  to  air  or  because  i  ®  °P  fl  jrawn  into  a  vessel  lined  with 
complete  absence  of  air,  and  1  •  A  •  'T'iipre  are  several 

paraffin,  it  will  not  clot  even  thoi.gh^xpose^to^am  Th- a. 

organs  in  the  body,  such  as  plotting  The  clotting  process  is 

stationary  for  hours  at  a  toewito*  «  The  c^^P  ^ 

initiated  and  accelerated  by  t]  .§  drawn  into  a  glass  vessel, 

matter,  and  rough  surfa  ■  ,  „]ass  and  disintegrate.  If  the 

the  platelets  collect  on  tie  sur  y  0(j  the  disintegration 

vessel  is  lined  with  paraffin  and  ^ 

of  the  platelets  and  the  clotting  o  ,  .  clotting  occurs  in  the 

a  little  juice  from  injured  tissue  is ^ed  *  off 

normal  time.  Both  injured  tissues f  8 which  initiate  the 

similar  substances,  collectively  ca  e  automatically 

clotting  reaction.  From  this  it  is  ^^^^Tnjured  vessel,  it  is  im- 

«.» -  «• 

integrate^  releasing  additional  thrombokmase. 
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Serum  contains  a  chemical,  called  thrombin,  which,  when  added  to  a 
solution  of  purified  fibrinogen  in  a  test  tube,  effects  the  formation  of  a 
typical  clot.  Thrombin  is  believed  to  be  the  immediate  factor  in  the 
mechanism  which  changes  fibrinogen  into  fibrin  and  produces  the  clot. 
This  chemical  does  not  exist  as  such  in  circulating  blood,  for,  since 
fibrinogen  is  always  present,  thrombin  would  cause  clotting  inside  the 
blood  vessels.  Instead,  thrombin  exists  in  the  blood  in  an  inactive  form, 
prothrombin,  which  is  changed  by  thrombokinase  and  calcium  into 
thrombin  at  the  time  of  clotting. 

Blood  can  be  prevented  from  clotting  by  the  addition  of  sodium 
oxalate  or  sodium  citrate,  which  removes  the  calcium.  But  calcium  is 
not  necessary  for  the  reaction  of  thrombin  with  fibrinogen  to  produce 
fibrin.  Blood  has  an  additional  safeguard  to  prevent  clotting  from  oc¬ 
curring  within  the  blood  vessels:  prothrombin  itself  does  not  occur  as 
such  in  normal  plasma,  but  is  combined  with  a  substance  called  anti¬ 
prothrombin,  with  which  thrombokinase  is  believed  to  unite  in  order  to 
initiate  the  clotting  mechanism.  This  union  releases  the  prothrombin. 

The  clotting  process  is  complex,  and  some  investigators  have  postu¬ 
lated  that  additional  substances  are  involved  in  it.  Since  thrombokinase 
and  thrombin  resemble  enzymes  in  many  ways,  some  specialists  believe 
the  process  to  be  enzymatic.  It  has  been  demonstrated  that  the  digestive 
enzyme  trypsin  causes  fibrinogen  to  change  to  fibrin.  The  clotting 
mechanism  is  not  yet  fully  understood,  but  the  generally  accepted  theory 
is  that  it  occurs  in  three  steps,  as  follows: 


1 .  Thrombokinase 

(released  from  injured 
tissues  and  disinte¬ 
grating  platelets) 

2.  Prothrombin 


3.  Thrombin 


/  Antiprothrombin 
i  Prothrombin 
(present  in  the 
plasma  in  chem¬ 
ical  union) 

+  Calcium 

(present  in  nor¬ 
mal  plasma) 

-f-  Fibrinogen 

(soluble  protein 
present  in  nor¬ 
mal  plasma) 


*  Prothrombin 


f  Antipro- 
J  thrombin 
1  Thrombo- 
[  kinase 


- »  Thrombin 


Fibrin 

(insoluble  protein  which  consti¬ 
tutes  the  actual  clot) 


wairoefbb,CtTa’  n0t.ably  tbose  causinS  syphilis,  attack  and  destroy  the 

;!“<«  u»  dotting  ....I . t“c  :  “zrrr  riiii'v'r1  Tir 

the  vessel  (called  a  thrnmk,,c\  ™  act  that  the  clot  inside 

and  prevent  blood  from  passing  M  ^  grow  con*Pletely  across  the  cavitv 

othS 

thrombus  formed  in  some  unejsentialTessd  ,ote andTS 
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by  the  blood  to  some  other  vessel,  which  it  obstructs.  A  thrombus  or 
any  other  particle  carried  by  the  blood  stream  which  blocks  a  blood 
vessel  is  called  an  embolus. 

Prothrombin  is  believed  to  be  manufactured  by  the  liver,  and  diseases 
of  that  organ  may  interfere  with  this  and  produce  defective  clotting. 
For  the  manufacture  of  prothrombin,  an  adequate  supply  of  vitamin  K 
is  necessary.  Since  bile  is  required  for  the  absorption  of  vitamin  K  from 
the  intestine  into  the  blood,  a  deficiency  of  bile  may  produce  a  de¬ 
ficiency  of  prothrombin  and  hence  defective  clotting,  even  if  the  diet 
contains  an  adequate  supply  of  vitamin  K.  Surgical  operations  on  the 
liver  or  bile  duct  in  the  past  were  often  followed  by  internal  hemor¬ 
rhages,  but  patients  are  now  treated  with  injections  of  vitamin  K. 

The* blood  which  flows  during  menstruation  (see  p.  326)  does  not 
coagulate,  either  because  its  fibrinogen  has  been  removed  by  the  lining 
of  the  uterus,  or  because  it  has  already  clotted  and  its  fibrin  has  been 
destroyed  by  proteolytic  enzymes.  It  has  been  reported  that  circulating 
blood  contains  less  prothrombin  at  this  time  and  that  the  clotting  time 


is  increased 

The  hereditary  disease  hemophilia,  which  affects  males  and  is  trans¬ 
mitted  to  them  by  the  maternal  parent,  is  characterized  by  clotting  so 
defective  that  a  slight  scratch  may  cause  a  fatal  hemorrhage.  It  has  at¬ 
tracted  wide  attention  because  it  was  present  m  several  of  the  European 
royal  families,  notably  the  Bourbons  of  Spam  and  the  Romanoffs  of  Rus¬ 
sia  The  exact  nature  of  the  defect  is  unknown.  The  number  of  platelets 
and  the  amounts  of  calcium,  fibrinogen  and  prothrombin  in  the  blood 
of  a  hemophiliac  are  normal.  Furthermore  the  platelets  are  unusually 
stable  and  thus  do  not  disintegrate  readily  when  blood  is  shed.  T 
has  suggested  the  theory  that  the  defective  clotting  depends  on  the 
failurtMjf  the  platelets  to  disintegrate  and  release  thrombok.nase  to  set 
off  the  chain  QPf  reactions  leading  to  clotting.  Another  theory  is  that  the 
bfood  of  hemophiliacs  contains  a  substance  which  destroys  thrombo- 

kX  ISp-X  or*  ^  ^  important  too,  in 

sues  untsidn  tfae  body.  {or  the  tissue.  The  plasma  clots  and 

d^elopmentand  fundamental  properties  of  tissues,  bac- 
teria  and  viruses. 

V.  MEDICO-LEGAL  TESTS  FOR  BLOOD 

forv  nndmibtedlv  vou  have  read  of  detec- 
If  you  are  a  detective  story  ’  sUins  for  p0Hce  laboratory  analysis, 

tives  submitting  suspicio.  human  blood,  arresting  their  suspects, 

and,  upon  learning  that  they  identified  positively. 

You  may  have  wondered  how  b food  “  a  stain  some  benzidine 

The  simplest  test  for  co"S,sts  in  addmg  t  ^  familiar 
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But  this  is  a  test  for  hemoglobin  only  and  does  not  distinguish  human 
from  other  blood. 

An  extremely  delicate  test,  which  can  detect  one  part  of  blood  when 
it  is  mixed  with  more  than  a  million  parts  of  other  materials,  makes  use 
of  a  chemical  known  as  3-aminophthalhvdrazide.  This  substance,  plus 
sodium  hydroxide  and  hydrogen  peroxide,  is  added  to  a  stain,  and  if 
blood  is  present,  a  blue,  phosphorescent  light  is  given  off.  Even  after  a 
blood  stain  has  apparently  been  removed  by  repeated  washings,  so  that 
no  trace  is  visible,  this  test  will  reveal  the  location  of  the  spot  because 
of  the  minute  amount  of  hemoglobin  invariably  remaining. 

To  distinguish  human  from  other  blood,  the  precipitin  test  is  used. 
This  depends  upon  an  antigen-antibody  reaction.  An  antigen  is  defined 
as  any  foreign  protein  which  is  introduced  into  the  blood  stream  and 
causes  the  blood  to  respond  by  manufacturing  an  antibody  which  will 
react  specifically  with  it.  In  preparing  for  the  test,  human  serum  (con¬ 
taining  one  or  more  proteins  characteristic  of  man  which  act  as  antigens') 
is  injected  into  a  rabbit,  over  a  period  of  time,  until  30  cc.  have  been 
injected.  The  white  cells  of  the  rabbit  are  stimulated  by  the  presence  of 
the  antigen  (the  human  serum  protein)  to  manufacture  antibodies 
which  will  react  specifically  with  human  serum.  After  a  lapse  of  five 
days  the  rabbit  is  bled,  and  the  serum  extracted  and  kent  until  needed. 
In  making  the  test,  a  solution  containing  the  suspected  material  is  pre¬ 
pared  and  mixed  with  the  rabbit  serum,  since  the  latter  is  known  to 
contain  antibodies  for  human  serum.  If  the  suspected  material  contains 
human  blood,  and  therefore  human  serum  antigens,  the  antibodies  and 
antigens  react  and  cause  a  precipitation  which  appears  in  from  one  to 
three  hours.  If  the  suspected  material  contains  some  other  kind  of  blood 
only  a  slight  precipitation  or  none  at  all  occurs.  If  the  blood  is  from  an 
animal  closelv  relJte^  to  man— say  a  chimpanzee— a  slight  precipitation 

results;  the  blood  of  a  more  distant  relative  causes  an  even  slighter 
reaction.  s 

VI.  BLOOD  TYPES  AND  TRANSFUSIONS 
The  practice  of  injecting  or  transfusing  blood  from  an  animal  or  man 

"mpJedTn TfiW  t"1"  f  !s  not  ne»-  hav!"*  **  been  at- 

nnTuccessM  evobw"  °nS  an!ma,s  and  me"  were  usuallv 

^on  nf  L/r  SeVer  rCact,ons  often  death.  Hut  the  trans- 
eossfn!  ll  ifr°m  °"e  h,'lman  beinR  to  nnother  was  sometimes  s„c- 
ien  '  red  ee^'  ?  cIumP!"R  or  a«d«tination  of  the  pa- 

reactio^anTmust  b^carebdlv^d'ist'0''  '^—"tiJdv 

ting  of  blood  caused  by  the  hromldn  and^/"0"’  COaR",at.'on-  the  c,°t- 
The  mystery  of  why  1,  d  fihrino.een  reaction. 

solved  bv  Landsteiner  in  T  *om^times  unsuccessful  was 

chemically  from  person  to  r.  °  <"i'n<i  l  ,af  b’,man  Wood  may  differ 
nnd  patient  are  incompatible  been  '  >u  the  h,00,,s  of  donnr 

Stic 

B  in  **  a"d  b>  3S  te  atibSl  t  b 
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in  the  plasma.  Table  4  summarizes  the  agglutinogens  and  agglutinins  in 
the  different  blood  groups  and  shows  which  transfusions  are  possible. 
Normally,  no  blood  agglutinates  itself,  because  the  corresponding  agglu¬ 
tinogen  and  agglutinin  (A  and  a,  for  example)  are  not  present  together. 


Table  k-  The  Human  Blood  Groups 


Blood  Group 

Agglutinogen  in 
Red  Cells 

Agglutinin  in 
Plasma 

Can  give  Blood 
to  Groups 

Can  Receive 
Blood  from 
Groups 

0  . 

None 

a  and  b 

0,  A,  B,  AB 

0 

A  . 

A 

b 

A,  AB 

0,  A 

0,  B 

0,  A,  B,  AB 

B  . 

B 

a 

B,  AB 

AB . 

A  and  B 

None 

AB 

In  actual  practice  the  physician  makes  every  effort  to  find  a  donor  o 
the  same  blood  group  as  the  patient  and,  if  circumstances  permit,  a 
direct  test  is  made  by  mixing  serum  from  the  patient  with  some  coi- 
puscles  from  the  prospective  donor,  to  make  sure  they  are  compatible. 
Besides  the  four  main  groups,  there  are  two  subgroups  which  must  also 
be  taken  into  consideration.  In  an  emergency,  if  no  donor  of  the  pa¬ 
tient’s  type  is  available,  blood  of  another  type  may  be  used,  provided 
that  the  serum  of  the  patient  does  not  agglutinate  the  corpuscles  of  the 
donor.  For  example,  a  type  B  person  may  rece.ve  blood  from  a  type  0 
donor  because  the  O  red  corpuscles  have  no  agglutinogens  and  thus 

willlSumped  by  any  kind  of  plasma.  The  «£*£*£%* « 
the  O  serum  are  mixed  with  the  patient  s  serum  and  so  diluted  that  they 

do  not  cause  his  red  corpuscles  to  clump.  Type  0  people  are  ^ 
vcrsal  donors”  because  their  blood  can  be  given  safely  to  any  person 
and  type  AB  people  are  known  as  “universal  recipients,  since  they  c. 
receive  blood  of  any  type.  The  blood  groups  are  inherited  (see  p.  441), 
and  remain  constant  throughout  life.  of  a 

.  A  bl“fc‘dC  TheTenim  oftypeTblood  contains  the  b  agglutinin. 

dumping  of  any  U  cells  — «  «  utinogens. 

other. 

each  kind  of  serum  an  n  .  naked  eye  It  is  even  possible 

to  detect  tlw  type ^of  a  small 'bhaoc^staim^nd^simh' tests  have  sometimes 

some  marked  differences  a vc  )  however;  rac;a]  differences  lie  in  the 
terizes  a  single  race  exc  usi  ’  Because  one’s  blood  type  is  in¬ 
relative  frequency  of  the  >  ^  ug  seiecti0n  of  mates  for  certain 

herited  and  there  °f  ;s  an  important  tool 'in  anthropology, 

blood  types,  knowledg  .  DODUlation  remain  constant  from 

germrat ion" ' to°gcneration , ^as  h>ng  as'there  is  no  intermarriage  with  other 
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people.  The  work  of  Verzar  and  Weszecsky  in  Hungary  reveals  an  in¬ 
teresting  example  of  this.  Gypsies,  who  originally  came  trom  India,  have 
lived  in  Hungary  for  several  hundred  years,  but  because  there  has  been 
little  mating  between  them  and  native  Hungarians,  the  distribution  of 
their  blood  groups  is  similar  to  that  of  the  Hindus,  and  quite  different 
from  that  of  the  Hungarians.  The  Germans  who  migrated  to  Hungary 
about  1700  have  kept,  in  addition  to  their  German  language  and  cus¬ 
toms,  a  blood  group  frequency  characteristic  of  Germans  in  Germany. 
With  the  discovery  of  techniques  for  determining  the  blood  types  of 
mummies  and  skeletons,  the  use  of  blood  tests  in  anthropology  was 
considerably  broadened.  Candela  tested  the  blood  types  of  thirty  pre¬ 
historic  Aleutian  mummies  and  found  eight  of  them  to  be  group  B  or 
A13.  Previously,  the  Aleuts  were  thought  to  be  the  result  of  an  Eskimo- 
Indian  cross,  but  both  Eskimos  and  Indians  have  a  low  percentage  of 
B  and  AB  groups,  whereas  B  is  common  in  Asia.  These  findings,  indi¬ 
cating  that  the  Aleuts  were  of  Asiatic  origin,  have  been  substantiated. 

Other,  independent  blood  types,  which  provide  an  additional  means 
of  identifying  blood,  depend  upon  the  presence  in  the  red  cells  of  en¬ 
tirely  different  agglutinogens,  called  M  and  N.  These  are  inherited  in¬ 
dependently  of  the  previous  blood  groups,  so  that  a  person  may  be  both 
A  and  M. 

A  third  set  of  hereditary  factors  causes  the  presence  or  absence  of 
another  agglutinogen,  the  Rh  factor,  so  called  because  it  was  first  found 
in  the  blood  of  rhesus  monkeys.  About  85  per  cent  of  white  people  are 
Rh  positive,  about  15  per  cent  Rh  negative.  This  Rh  factor  plays  an 
essential  role  in  a  frequently  fatal  type  of  anemia  of  the  newborn, 
erythroblastosis  fetalis.  If  the  mother  is  Rh  negative,  the  father  Rh 
positive,  and  the  developing  embryo  is  Rh  positive  (having  inherited 
th.s  factor  from  the  father),  blood  from  the  fetus  may  pass  across  some 
detect  in  the  placenta  and  stimulate  the  formation  of  Rh  positive  anti¬ 
bodies  by  the  white  cells  of  the  mother.  When  the  mother  becomes  preg¬ 
nant  a  second  time,  some  of  these  antibodies  may  pass  through  the 
placenta  into  the  child’s  bloodstream  and  cause  the  destruction  of  its 
re  ce  s.  In  extreme  cases,  so  many  red  cells  are  destroyed  that  the 

so"oZ?t  5  ;fT  biith’  bUt  mwe  frequently  il  is  b°™  ^  and  dies 
tensive  deStrUCti°"  °f  ^  Ce"S  b  “0t  «' 

Blood  groups  have  also  been  demonstrated  in  apes,  monkeys  sheen 

O  and  AS\°rSen  titS’  pigS>  pigeons’  chickens,  mice  and  rats  Groups 
0  and  A  have  been  found  in  chimpanzees,  groups  A  B  and  arT 

orang-utans,  and  groups  A  and  B  in  gorillas  The  1.  “A?  ln 

groups  among  the  apes  and  monkeys  indicate  that  the  Wood 
substances  arose  before  the  primates  had  fin n lie  “i  th,e.bloo<J.  SrouP 
types.  Substances  similar  to,  but  not  identical  with  ™d,lnto  Afferent 
B  substances  have  been  demonstrated  in  fie  U  a  /  l,Uman  A  and 
mammals  and  birds.  M  and  N  agglulino"  '  b  °°,d  °f  many  different 
have  been  found  in  chim^^SS  and  T  *°  ““I  °f  maI>’ 
not  any  other  animals.  The  M  and  N  substances  of  ft  “c"  yS’  but 
are  most  like  those  of  man,  confirming  the  ~££Tv' 15\^,TUT* 
chimpanzees  are  the  most  manlike  ofthe  an  o  "  nl  apes  th“‘ 
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The  transfusion  of  whole  blood  and  plasma  plays  an  extremely  im¬ 
portant  part  in  saving  lives.  After  a  proper  donor  has  been  selected,  care 
must  be  taken,  first,  to  prevent  the  coagulation  of  the  transfused  blood 
(sodium  citrate,  which  removes  calcium  ions  and  thus  prevents  coagu¬ 
lation,  is  usually  added) ,  then  to  prevent  infection,  and  finally  to  in¬ 
troduce  the  blood  into  the  patient’s  vein  at  the  proper  temperature  and 
rate.  If  too  much  blood  is  injected  at  one  time,  the  heart  will  be  over¬ 
loaded.  Recently,  methods  have  been  devised  for  storing  citrated  blood 
as  long  as  thirty  days,  making  “blood  banks”  possible  in  many  hospitals. 
Usually,  a  patient  requiring  a  transfusion  is  given  blood  of  the  proper 
type  from  the  bank,  and  the  supply  is  replenished  later  by  blood  of  any 
type  from  a  member  of  his  family.  In  this  way  the  expense  of  blood 
from  a  professional  donor  is  eliminated.  The  blood  is  stored  in  a  re¬ 
frigerator  kept  at  4°  to  6°  C. 

The  transfusion  of  substitutes  for  whole  blood  dates  back  to  1878, 
when  cow’s  milk  was  used  experimentally.  Recently,  plasma  and  serum, 
which  can  be  stored  longer  than  whole  blood,  have  frequently  been 
substituted  for  it.  Both  contain  the  plasma  proteins  which  do  not  diffuse 
through  the  blood  vessel  walls,  and  so  are  useful  in  the  treatment  of 
shock?  However,  both  are  good  culture  media  for  bacteria  and  molds, 
and  extreme  care  must  be  taken  to  collect,  treat  and  store  the  substances 
under  sterile  conditions.  With  the  recent  development  of  methods  for 
drying  plasma  by  freezing  it,  and  removing  the  water  under  vacuum, 
this  danger  has  been  obviated.  Dried  plasma  in  a  sealed  sterile  con¬ 
tainer  will  keep  without  refrigeration  for  a  long  time.  When  it  is  to  be 
used  it  is  mixed  with  the  proper  quantity  of  sterile,  distilled  water  and 
injected  An  additional  advantage  is  that  it  can  be  given  to  a  person  of 
any  blood  type.  In  practice,  the  bloods  of  sixteen  different  persons  of 
assorted  blood  types  are  pooled,  so  that  the  different  agglutinins  are 
diluted  below  their  effective  concentration  and  will  not  affect  the  red 
cells  of  the  patient’s  blood. 


QUESTIONS 

1  Name  seven  functions  of  blood.  Which  is  the  most  important? 

I ■  Sow  are  these  funct.ons  carried  on  in  animals  which  do  not  have  a  circulatory  system? 
3  Distinguish  between  plasma,  serum,  lymph  and  tissue  flu.<  . 

4.  What  is  oxyhemoglobin?  What  is  its  significance  in  the  body? 

5.  Why  is  carbon  monoxide  poisonous? 

6  Where  and  how  are  red  cells  manufactured.  ,  ? 

i  k  “ — — - 

°nd9reDe“°ribeChow  clotting  occurs.  What  prevents  it  from  occurring  at  any  time  within 

the  blood  vessels? 

10.  What  is  agglutination? 
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CHAPTER  9 


THE  CIRCULATORY  SYSTEM 


BECAUSE  it  carries  food  and  oxygen  to  all  the  tissues  of  the  body, 
and  removes  the  waste  products  of  metabolism,  the  circulatory 
system  is  frequently  called  “the  transportation  system.”  It  is  also  im¬ 
portant  in  equalizing  body  temperatures.  For  these  purposes,  then,  it 
includes  the  heart,  the  blood  vessels  and  the  lymph  vessels,  in  addition 
to  the  blood  itself.  To  understand  how  the  system  operates  as  an  in¬ 
tegrated  unit,  we  must  first  study  the  structure  and  function  of  each  of 
the  organs  involved. 


I.  THE  BLOOD  VESSELS 

There  are  three  types  of  blood  vessels:  arteries,  veins  and  capillaries. 
Arteries  and  veins  are  distinguished  from  each  other  by  the  direction 
of  the  flow  of  blood  in  them,  not  by  the  kind  of  blood  (aerated  or  noil- 
aerated)  which  they  contain.  Arteries  carry  blood  from  the  heart  to  the 
tissues  of  the  body;  veins  return  blood  jrom  the  tissues  to  the  heart. 
Capillaries  are  microscopic  vessels  located  in  the  tissues,  connecting  the 
arteries  and  veins.  Their  chief  function  is  to  effect  the  exchange  of  food, 
gases  and  wastes  between  the  blood  and  the  tissues.  To  do  this,  they 
have  extremely  thin  walls  consisting  of  a  single  layer  of  cells,  the  endo¬ 
thelium,  which  is  continuous  with  the  endothelial  lining  of  the  artery  and 
vein  on  either  side  (Fig.  67,  C ) .  Some  capillaries  are  so  small  that  the 
red  corpuscles  are  bent  in  passing  through  them. 

The  walls  of  arteries  and  veins  are  too  thick  to  permit  diffusion,  being 
made  of  three  distinct  layers:  an  outer  coat  of  connective  tis’sue,  a 
middle  coat  of  smooth  muscle  cells,  and  an  inner  coat  of  endothelium 
and  connective  tissue  (Fig.  67,  A) .  The  outer  coat  contains  many  elastic 
fibers  which  make  the  artery  tough  and  resistant  to  internal  pressures 

Tnrmittmg. u“  l°  7pand  and  then  contract  each  time  the  heart 

Hood  ?he  S,  h  TS<ile  111  the  middle  layer  regulates  the  amount  of 
bloocl  going  to  a  particular  organ  by  contracting  or  relaxing,  and  so  de¬ 
creasing  or  increasing  the  size  of  the  lumen  (cavity)  of  the  artery  In 
addition  to  the  endothelial  lining,  the  inner  coat  of  most  arter  es  con 

^iKe  arterial  T^to 

saw  otLrsefeffr lhe  rr  nres  to 

uy  uie  otner  set  effect  a  relaxation.  The  largest  arfprv 

an  mCh  ln  diameter  near  the  haa*.  and  has  a  wall  about 

Although  the  walls  of  veins  are  much  lighter  and  tblnno.  n,  .. 

of  connecdveTissue  lias^ewer6  elastic  fibers  ^ ^  ““ 

is  thinner  than  the  corresponding  -  & 
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is  no  internal  elastic  membrane.  Veins,  but  not  arteries,  are  supplied 
with  valves  along  their  length  to  prevent  the  back-flow  of  blood. 

The  cells  of  the  body  are  surrounded  by  and  bathed  in  a  liquid  called 
tissue  fluid,  and  blood  does  not  come  in  direct  contact  with  them.  In¬ 
stead,  substances  must  diffuse  from  the  blood,  through  the  wall  of  a 
capillary,  and  across  the  space  filled  with  tissue  fluid  to  get  to  the  cells 
(Fig.  G8)  .  The  fact  that  the  capillaries  are  small  means  that  each  drop 
of  blood  passing  through  a  capillary  network  is  exposed  to  a  large  sur¬ 
face  area  through  which  diffusion  may  occur.  It  has  been  estimated  that 


A,  CROSS  SECTION  OF  AN  ARTERY 


-Outer  Coat 
Middle  Coat 
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B,  CROSS  SECTION  OF  A  VEIN 


Venule 


C,  DIAGRAM  OF  A  CAPILLARY  NETWORK 
Fig.  67.  Arteries  and  veins  compared. 

each  cubic  centimeter  of  blood  is  exposed  to  7000  square  cm.  or  about 

blood  and  functioning,  but  during  periods  of  intense  activity, 
nearly  all,  the  capillary  networks  are  full. 
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II.  THE  HEART 

The  heart  is  a  powerful  muscular  organ  located  in  the  chest  directly 
under  the  breast  bone.  Its  walls  are  made  of  cardiac  muscle  tissue  held 
together  by  strands  of  connective  tissue.  Enclosing  it  is  a  tough,  colJnc‘c_ 
tive  tissue  sac  (the  pericardium).  The  inner  surface  of  this  sac  and  t  e 
outer  surface  of  the  heart  are  covered  by  a  smooth  layer  of  epithelial- 
like  cells,  and  the  cavity  contains  a  fluid,  reducing  friction  to  a  mini¬ 
mum  as  the  heart  beats. 

The  muscle  fibers  branch  and  fuse  to  form  a  complex  network  of 
protoplasmic  connections  throughout  the  heart  wall,  across  which  nerve 
impulses  can  travel.  Because  of  this,  the  heart  contraction  follows  the 
“All-or-None”  Law  (see  p.  258) ;  that  is,  if  a  nerve  impulse  is  sufficiently 
strong  to  make  the  heart  beat  at  all,  it  responds  with  a  maximum  con¬ 
traction.  The  heart  and  all  the  blood  vessels  are  lined  with  a  layer  of 


I’ig.  68.  Diagram  of  the  diffusion  of  materials  between  capillaries  and  the  cells  of  the  body, 
by  way  of  the  tissue  fluid  which  bathes  the  cells. 


smooth,  thin  cells,  the  endothelium,  which  prevents  blood  from  clotting 
within  the  circulatory  system.  Any  disease  or  injury  of  the  endothelium 

which  roughens  it  may  cause  the  formation  of  a  thrombus  within  the 
vessel. 

The  heart  of  man  and  other  mammals  and  of  birds  is  divided  into 
tour  chambers  (Fig.  69) ,  the  upper  right  and  left  auricles,  and  the  lower 
right  and  left  ventricles.  The  auricles,  which  have  relatively  thin  walls, 
receive  blood  from  the  veins  and  push  it  into  the  ventricles.  The  latter 

body  UCH  t  llCker  WaUS’  PUmp  thG  blood  out  of  the  heart  and  around  the 

For  its  function  as  a  pump,  the  heart  is  supplied  with  valves  that 
c  ose  automatically  to  prevent  blood  from  flowing  in  the  wrong  direc¬ 
tion  T  here  is  an  opening  for  blood  to  pass  from  the  right  auricle  to  the 
right  ventricle,  and  a  second  opening  from  the  left  auricle  to  the  left 

left ^ventriclef  TheT”?1  °n  ^  **  or  right  nd 
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valve,  lhat  between  the  left  auricle  and  ventricle,  with  only  two  cusps, 
is  called  the  biscuspid  valve.  These  two  valves  are  held  in  place  and 
prevented  from  being  pushed  back  into  the  auricles  when  the  ventricles 
contract,  by  stout  cords  or  “heartstrings”  attached  to  the  valves  and  the 
walls  of  the  ventricles  (Fig.  69) .  At  the  bases  of  the  two  big  arteries — 
the  pulmonary  and  the  aorta — which  leave  the  right  and  left  ventricles, 
respectively,  are  additional  flaps  of  connective  tissue,  the  two  semilunar 
valves,  so  called  because  of  their  half-moon  shape.  These  are  really 
pouches  opening  away  from  the  heart.  When  blood  passes  in  the  proper 
direction,  the  pouches  are  pushed  aside  and  offer  no  resistance.  But 
when  the  ventricles  are  relaxing  and  filling  with  blood,  and  the  blood 
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Fig.  G9.  Diagram  of  the  heart,  showing  chambers,  valves  and  connecting  vessels. 


pressure  in  the  arteries  is  higher  than  that  in  the  ventricles  blood 
fills  the  pouches,  causing  them  to  stretch  across  the  cavity  of  the  pul- 
monary  artery  or  aorta,  and  thus  prevent  a  leakage  back  into  the  heart 

(^Because  there  is  no  valve  at  the  openings  of  the  large  veins  leading 
into  the  right  auricle,  or  at  the  openings  of  the  pulmonary  veins  in 
the  left  auricle,  some  blood  is  forced  back  into  the  veins  when  the 
auricles  contract.  This  is  less  than  it  might  be _  because  of  rings .  o  m«sd 
tissue  around  the  veins  in  that  region,  which  contract  just  before 

The  right  auricle  receives  blood  from  all  parts  of  the  body 
the  lungs)  by  way  of  two  large  veins:  the  superior  vena  cava,  which 
drains  the  head,  arms  and  upper  part  of  the  body,  and  the  inferior  vena 
wbirh  drains  the  legs  and  the  lower  part  of  the  body.  The  walls 
“the  left  ventricle  are  thicker  than  those  of  the  right  one  because  more 
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force  must  be  exerted  to  push  the  blood  through  the  body  than  to  push 

it  to  the  lungs.  .  ,  ,  „ 

The  path  of  blood  through  the  heart  may  be  summarized  as  follows 

(Fig.  69) :  blood  from  the  body  enters  the  right  auricle,  the  contraction 
of  which  pushes  open  the  flaps  of  the  tricuspid  valve,  pumping  the  blood 
into  the  right  ventricle.  The  contraction  of  the  right  ventricle  then 
closes  the  tricuspid  valve,  opens  the  semilunar  valve,  and  pushes  blood 
out  via  the  pulmonary  artery  to  the  lungs.  Blood  returning  from  the 
lungs  in  the  pulmonary  veins  enters  the  left  auricle,  and  is  pumped  by 
its  contraction  through  the  bicuspid  valve  into  the  left  ventricle.  The 
contraction  of  the  left  ventricle  closes  the  bicuspid  valve,  opens  the 
semilunar  valve,  and  sends  the  blood  out  the  aorta  to  all  parts  of  the 
body.  Every  drop  of  blood  entering  the  right  auricle  must  go  through 


_ _ Left  Ventricle 


A  B 


I'ig.  70.  Diagram  of  the  operation  of  the  semilunar  valves.  A,  Arrangement  of  the  three 
pouches  of  the  semilunar  valves.  The  aorta  has  been  cut  across  just  above  its  point  of  attach¬ 
ment  to  the  ventricle,  to  expose  the  valves.  B,  When  the  ventricle  contracts,  the  expelled 
blood  (indicated  by  arrows)  pushes  the  pouches  aside  and  passes  into  the  aorta.  C,  When 
the  ventricle  relaxes,  blood  from  the  aorta  fills  the  pouch  (arrows),  causing  them  to  extend 
across  the  cavity  and  prevent  the  leakage  of  blood  back  into  the  heart. 


the  lungs  before  it  can  get  into  the  left  ventricle  and  be  pumped  around 
the  body. 

Ihe  heart  muscle  is  not,  as  one  might  assume,  nourished  by  the  blood 
within  its  chambers,  because  its  walls  are  too  thick  for  food  and  oxygen 
to  diffuse  through.  Instead,  it  is  supplied  with  blood  by  arteries  spread¬ 
ing  over  its  surface,  which  branch  off  the  aorta,  at  the  point  where  that 
vesse  leaves  the  heart.  Veins  from  the  heart  tissue  drain  into  the  right 

directly  ^  ^  ^  hea* 

1.  The  Heart  Beat.  Beating  is  an  inherent  capacity  of  the  heart  ex¬ 
isted  early  in  embryonic  development  and  continuing  without  pause 
roug  ou  life.  Since  all  tissues  need  a  constant  supply  of  oxygen  which 
the  circulating  blood  provides,  unconsciousness  results^  the  hlart  stoos 

Th?hnegar0troffrrer::dh’  ^  if  *  *op.  f°r  a  few  minute" 

minute,  or  about  75 cc  Zwt*  ™PUmPS  “T  5  Hters  °f  blood  Per 

,b  cc-  per  beat-  Thls  means  that  a  quantity  of  blood 
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equal  to  the  total  amount  contained  in  the  body  passes  through  the 
heart  each  minute.  Not  all  the  blood  actually  goes  through  the  heart 
once  a  minute:  some  of  the  blood  on  the  shorter  circuits  will  have  been 
through  more  than  once,  while  that  on  the  longer  circuits  will  not  yet 
have  passed  through.  In  man’s  three  score  and  ten  years,  his  heart  beats 
about  2,600,000,000  times,  and  pumps  at  least  155,000,000  liters  (about 
150,000  tons)  of  blood.  Estimates  of  the  work  done  by  the  heart  indi¬ 
cate  that  it  is  enough  to  raise  a  weight  of  10  tons  to  a  height  of  10 
miles — a  truly  remarkable  performance  for  an  organ  that  weighs  ap¬ 
proximately  11  ounces!  During  exercise  both  the  number  of  beats  per 
minute  and  the  amount  of  blood  pumped  per  beat  are  greatly  increased. 
Physical  training  enables  the  heart  to  increase  its  volume  per  beat,  mak¬ 
ing  it  possible  for  the  athlete  to  increase  the  total  blood  pumped,  with¬ 
out  as  great  increase  in  the  heart  rate  as  would  be  necessary  in  an 
ordinary  person. 

The  fact  that  the  heart  continues  to  beat  normally  after  its  nerves 
have  been  severed  shows  that  it  is  not  dependent  upon  stimuli  from  the 
brain.  If  kept  in  the  proper  liquid  medium,  it  will  beat  even  when  en¬ 
tirely  removed  from  the  body.  Even  a  few  muscle  fibers  dissected  from 
the  heart  retain  this  ability.  The  rate  of  the  fundamental,  innate  con¬ 
traction  is  regulated  by  a  number  of  factors— the  nodal  tissue  within 
the  heart,  and  two  sets  of  nerves  from  the  brain. 

Nodal  Tissue.  Nodal  tissue,  which  is  peculiar  to  the  heart,  instigates 
and  regulates  its  beat.  It  has  some  of  the  properties  of  muscle  and  some 
of  nervous  tissue.  In  the  lower  vertebrates,  such  as  fish  and  frogs,  there 
is  a  separate  chamber  of  the  heart,  the  sinus  venosus,  into  which  the 
veins  empty,  and  which  in  turn  passes  blood  to  the  right  auricle.  In 
higher  forms  this  has  disappeared  except  for  a  vestigial  mass  of  nodal 
tissue  called  the  sino-auricular  node,  or  S.A.  node,  located  at  the  point 
where  the  superior  vena  cava  empties  into  the  right  auricle  (Fig.  '  )•  _ 
second  node,  lying  between  the  auricles  just  above  the  ventricles,  is 
known  as  the  auriculoventricular,  or  A.V  node  From  the  latter  a 
bundle  of  branching  fibers  passes  down  and  invades  all  parts  ot  the 
ventricles.  Investigators  have  demonstrated  that  the  s.no-auricular  node 
initiates  the  heart  beat  and  regulates  its  rate  of  contraction.  For  this 
reason  it  is  called  the  pacemaker.  At  regular  intervals  a  wave  of  con- 
traction  spreads  from  the  sino-auricular  node  through  the  auricular 
muscle  When  it  arrives  at  the  auriculoventricular  node,  the  impulse  is 
transmittedto  the  ventricles  by  the  bundle  of  nodal  Issue  There  is  no 
muscular  connection  between  the  auricles  and  ventricles  their  beat  g 
is  correlated  solely  by  the  specialized  nodal  tl“u«’Jhl^  U 

impulses  about  ten  times  as  fast  as  ordinary  muscle  does  (the  rates  are 
approximately  5  meters,  and  0.5  meter  per  second,  respectively)  Con- 
“  by  tiie  nodal  tissue  insures  that  all  parts  of  the  ventricle  con- 
trac  aln'oyst  simultaneously.  If  conduction  in  the  ventnicles  were  by  wa 
of  ordinary  muscle  tissue,  the  muscles  near  the  base  o  the  ventricles 
would  contract  first,  causing  the  uncontracted  apex  to  bulge,  am  p  s 

SiThatith!!nsir.to-auricular  node  regulates  the  rate  of  the  heart  beat  is 
demonstrated  by  the  fact  that  warming  the  node  results  in  an  increas 
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rate,  while  cooling  it  causes  a  decreased  rate.  Heat  and  cold  usually 
have  similar  effects  on  other  physiological  reactions,  but  heating  or  cool¬ 
ing  other  parts  of  the  heart  does  not  affect  the  rate  of  its  beat.  Ihe  ac¬ 
celeration  of  the  beat  accompanying  fever  is  caused  by  the  stimulation 
of  the  sino-auricular  node  by  the  warmer  blood.  When  the  sino-auricular 
node  is  destroyed  by  injury  or  disease,  the  auriculo ventricular  node  takes 
over  its  function  as  pacemaker. 

Each  heart  beat  consists  in  contraction,  or  systole,  of  the  heart  muscle 
followed  by  its  relaxation,  or  diastole.  At  the  normal  rate  of  seventy 
beats  per  minute,  each  complete  beat  occupies  about  0.85  second.  The 
auricles  and  ventricles  do  not  contract  simultaneously:  auricular  systole* 
occurs  first,  occupying  about  0.15  second,  followed  by  ventricular  sys¬ 
tole,  which  takes  approximately  0.30  second.  During  the  other  0.40 
second  all  chambers  rest  in  the  relaxed  state. 


ig.  71.  Diagram  of  the  heart,  showing  the  location  of  the  nodal  tissue  which  coordinates 
t  le  beatmg  of  the  various  parts.  (Reproduced  by  permission  from  The  Body  Functions,  by 
R.  W.  Gerard,  published  by  John  Wiley  &  Sons,  Inc.,  1941.) 


.  The  Heart  Cycle.  Ihe  action  of  the  heart  in  pumping  blood  follows 
a  cyclical  pattern.  For  purposes  of  clarity,  we  shall  follow  the  successive 
stages  beginning  with  auricular  systole,  when  the  auricles  are  full  of 


.;;£°1)1  fT'"'"  systole-  At  this  time  (Fig.  72,  A)  a  wave  of  contraction, 
stimulated  by  the  sino-auricular  node,  spreads  over  the  auricles,  forcing 

I,00,  lnt°.  the  ventncles.  The  ventricles  are  already  partly  filled  with 

anHH  °WinJ\,t0  the  fa<^  that  the  Pressure  is  lower  there  than  in  the 
■  es,  and  the  tricuspid  and  bicuspid  valves  are  open  The  conduction 
O  the  contraction  impulse  through  the  aur.culoventricula  node  is  slower 

naul  nf,  r  '"t  °f  the  nodal  tiss,le-  «>«..  accounting  for  the  brie 
pause  after  auncular  systole  before  ventricular  systole  begins. 

(  )  I  eginnmg  of  ventricular  svstole  (Fit?  72  ti  1  <» 

ventrimlnr  WQn  ol.-  ,  .  ,  ,  •y,  ig.  u,  li) .  1  he  muscles  of  the 

^ntncular  wall,  stimulated  by  the  impulse  carried  by  the  bundle  of 

sino-auricular  node  S'focattd'in  the  righTLride  * ^  eXa<:!ly  at  the  same  time.  Because  the 
right  auricle  contracts  a  little  before  the  left  auricle  does.  ^  ^  °f  C°ntraction  be^ins> 
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nodal  tissue  from  the  auriculoventricular  node,  begin  to  contract,  caus¬ 
ing  a  rapid  increase  of  pressure  in  the  ventricles.  The  bicuspid  and 
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Fiff  72  The  heart  cycle.  Arrows  indicate  the  direction  of  the  flow  of  blood;  dotted  lines 
indicate  the  change  in  size  as  contraction  occurs.  A,  Auricular  systole;  auricles  contract,  bloo 
s  pushed  through  the  open  tricuspid  and  bicuspid  valves  into  the  ventricles.  The  semilunar 
^fves  are  closed  B  Beginning  of  ventricular  systole;  ventricles  begin  to  contract  pressure 

arteries,  the  semilunar  valves  remain  closed  a  “  d  exceeds  that  in  the 

D,  The  semilunar  valves  open  when  the  pressure  witnin  Beeinning  of  ventricular 

arteries,  and  blood  spurts  into  the  aorta  and  pulmonary  artery  E i  ^  Jteries  the 

diastole.  When  the  pressure  in  the  relaxing  ventricle! i  drops, bel  ^t  ^  pres^ire. 

semilunar  valves  snap  shut,  causing  the  secon  them*  decreases.  The  tricuspid  and 

Z2S3Z  'below  that  in  the  auricles, 

and  blood  flows  into  the  ventricles. 

tricuspid  valves  close  immediately,  producing  part  of  the  first  heart 
sound. 
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(c)  Period  of  rising  pressure  (Fig.  72,  C) .  The  pressure  in  the  ven¬ 
tricles  mounts  rapidly,  but  until  it  equals  the  pressure  within  the  ar¬ 
teries,  the  semilunar  valves  remain  closed  and  no  blood  flows  into  or 
out  of  the  ventricles. 

(d)  The  semilunar  valves  open  (Fig.  72,  D)  .  When  the  intraventricu¬ 
lar  pressure  exceeds  that  in  the  arteries,  the  semilunar  valves  open  and 
blood  spurts  into  the  pulmonary  artery  and  aorta.  As  the  ventricles  com¬ 
plete  their  contraction,  blood  is  ejected  more  slowly  until  it  finally  stops. 
Ventricular  diastole  then  follows. 

(e)  Beginning  of  ventricular  diastole  (Fig.  72,  L) .  As  the  ventricles 
relax,  the  pressure  within  them  decreases  until  it  is  less  than  the  pres¬ 
sure  within  the  arteries,  and  the  semilunar  valves  snap  shut.  This  causes 
the  second  heart  sound. 

(/)  Period  of  falling  pressure  (Fig.  72,  F) .  After  the  semilunar  valves 
close,  the  ventricular  walls  continue  to  relax,  and  the  pressure  within 
the  ventricles  continues  to  decrease.  The  tricuspid  and  bicuspid  valves, 
which  closed  during  the  previous  ventricular  systole,  remain  closed  be¬ 
cause  the  pressure  within  the  ventricles  is  still  greater  than  that  within 
the  auricles.  No  blood  is  flowing  into  or  out  of  the  ventricles  at  this 
time,  although  some  blood  is  flowing  from  the  veins  into  the  relaxed 
auricles. 

( g )  Opening  of  the  bicuspid  and  tricuspid  valves  (Fig.  72,  G) .  The 
continued  relaxation  of  the  ventricular  walls  finally  lowers  the  intra¬ 
ventricular  pressure  below  the  pressure  within  the  auricles.  At  that 
moment  the  tricuspid  and  bicuspid  valves  open,  and  blood  flows  rapidly 
from  the  auricles  into  the  ventricles.  No  contraction  of  the  heart  causes 
this;  it  is  due  simply  to  the  fact  that  the  pressure  within  the  relaxed 


ventucle  is  lower  than  that  of  the  auricles  and  veins,  nan  me  volume  oi 
the  ventricles  may  be  filled  before  the  auricles  undergo  systole. 

The  Heart  Sounds.  The  beating  heart  produces  characteristic  sounds 
which  can  be  heard  by  placing  the  ear  against  the  chest  or  by  using  a 
stethoscope,  an  instrument  which  magnifies  sounds  and  conducts  them 
to  the  ear.  In  most  normal  people,  two  sounds  are  produced  per  heart 
beat,  one  of  which  is  low-pitched,  not  very  loud,  and  of  long  duration 
this  is  caused  partly  by  the  closure  of  the  tri-  and  bicuspid  valves  and 
partly  by  the  contraction  of  the  muscle  in  the  ventricle  (all  muscles 
make  a  noise  when  they  contract) .  The  first  sound,  which  marks  the 
eginnmg  of  ventricular  systole,  is  followed  quickly  by  a  second  which 
is  higber  pitched,  louder,  sharper  and  shorter  in  duration.  It  is  the  result 
o  the  closure  of  the  semilunar  valves  and  marks  the  end  of  ventricular 
systole  1  he  two  sounds  have  been  described  by  the  syllables  “lubb-duD  ” 
and  their  quality  indicates  to  the  physician  the  state  of  the  valves  When 
the  semilunar  valves  are  injured,  a  soft  hissing  noise  (“Iubb-shhh”^  i« 
heard  in  place  of  the  second  sound.  This  is  known  ,  h  b  >  ls 
and  may  be  caused  by  syphilis,  rheumatic  fc?eTor  any  Zer^T*" 
which  injures  the  valves  and  prevents  their  closing  tightly  so  that  kl  l 
can  leak  back  from  the  arteries  into  the  ventricles  during  b  ?d 
Damage  to  the  bicuspid  or  tricuspid  valve  X  £  diastole* 

first  heart  sound  1  affects  the  fluaI*y  of  the 


3. 


Electrical  Changes  in  the  Heart.  When 


any  tissue  becomes  active _ 
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when  a  muscle  contracts,  a  gland  secretes,  or  a  nerve  conducts  an  im¬ 
pulse — it  becomes  electrically  negative  with  respect  to  the  surrounding 
tissues;  that  is,  the  active  tissue  acts  as  the  negative  pole  and  the  resting 
tissues  as  the  positive  pole  of  a  battery.  These  slight  action  currents 


Fi„  „  Electrocardiograms.  Above,  Tracing  from  a  normal  heart.  The  P  wave  corresponds 
to 'the  contraction  of  the  anrieles,  the  QRS  complex  to  the  contraction  "'  H'e  ventricie  and 

Note  that  P  waves  appear  at  regu  ar  intervals,  and IQKS ana  l  ( 

hut  longer  intervals,  but  that  there,  no  re  at, on  between  and  tlmQ^  ^  ^  ^ 

Tracing  from  a  man  with  auricular  •  nQ  reKUiar  auricular  con- 

auricle  are  twitching  rapidly  and  m  ependen  injependent,y  and  irregularly,  causing 

traction  and  hence  no  P  wave,  T1  (Courtesy  of  Dr.  Lewis  Dexter  and  the 

the  QRS  wave  to  appear  at  irregular  mtervals.  (Courtesy 

Peter  Bent  Brigham  Hospital,  Boston.) 

...  be  delected  will 

Z’S,  - *  — *  ■ 
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trained  person  can  interpret  the  curves  and  diagnose  the  particular 

abnormality.  .  .. 

4.  Adaptation  of  the  Heart  Beat  to  Body  Activity.  Active  tissue  re¬ 
quires  several  times  as  much  oxygen  and  nutrients  as  the  same  tissue  at 
rest,  and  both  the  heart  and  blood  vessels  are  active  in  the  adjustments 
necessary  to  provide  whatever  is  needed.  During  periods  of  intense  exer¬ 
cise  the  heart  can  pump  seven  or  eight  times  as  much  blood  as  normal, 
by  increasing  the  number  of  beats  per  minute,  or  by  increasing  the  blood 
volume  per  beat.  The  heart  normally  pumps  about  70  cc.  of  blood  per 
beat,  but,  at  maximum,  it  can  pump  as  much  as  200  cc.  The  following 
stimuli,  singly  or  together,  can  effect  this  increase: 

(а)  A  rise  in  the  carbon  dioxide  content  of  the  blood.  During  exercise, 
oxidation  occurs  more  rapidly,  and  the  greater  amount  of  carbon  dioxide 
in  tissues  and  blood  stimulates  the  heart  to  increase  the  volume  per 
beat. 

(б)  Stretching  of  the  heart  muscle.  During  exercise  the  pressure  in 
the  veins  is  higher  and  more  blood  flows  into  the  heart  chambers  before 
they  contract,  causing  the  muscular  walls  to  stretch.  The  contractile 
power  of  a  muscle,  within  limits,  is  increased  by  the  tension  it  is  under 
when  it  begins  to  contract;  hence  the  greater  the  volume  of  blood  in  the 
heart  at  the  beginning  of  systole,  the  greater  will  be  the  quantity  of 
blood  pumped  per  heart  beat. 

An  increase  in  the  rate  of  the  heart  beat  from  normal  to  170  or  200 
beats  per  minute  also  is  possible  during  exercise.  Again,  several  factors 
may  be  involved: 

(a)  Increased  temperature.  Enough  heat  is  produced  by  exercising 
to  raise  the  body  temperature  a  few  degrees.  This  affects  the  sino-auricu- 
lar  node  (just  as  fever  does) ,  and  the  heart  beat  rate  is  increased. 

(h)  Hormones.  Both  adrenalin,  which  is  produced  in  increased 
amounts  by  the  adrenal  glands  during  emergencies,  and  thyroxin,  which 
is  produced  by  the  thyroid  gland  and  quickens  body  metabolism  gen¬ 
erally,  accelerate  the  heart  beat.  When  thyroxin  is  injected  into  an 
expenmental  animal,  however,  acceleration  of  the  heart  does  not  occur 
until  three  or  four  hours  have  elapsed— a  reaction  too  slow  to  be  ef¬ 
fective  in  bringing  about  the  rapid  adjustment  which  the  heart  must 
make  continuously,  although  it  can  affect  the  long-term  responses  of 
the  heart  to  the  general  condition  of  the  body. 

(e)  Nerves.  In  the  normal  body,  adjustments  of  the  heart  beat  rate 
are  effected  chiefly  by  two  .sets  of  nerves,  one  of  which  accelerates 
the  other  of  which  slows  it  down  (see  Chap.  Hi) .  it, 

III.  ROUTES  OF  THE  BLOOD  AROUND  THE  BODY 

part°ofntherbodv  l'o"’  th.e,  cirCU,at°7  System  carries  material  ^nr  one 

blood  vessels  are  connec  ed^fC^r^  "  ™ary  of  the 

flows  in  one  direction  only'  of  courle  The  ^^7  VeSSe1'  h'00'’ 
with  blood  by  the  carotid  artcri^  1  .  \  ‘  n<  )rain  are  supplied 
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vertebral  arteries,  so  that  if  one  of  the  vessels  is  cut  or  occluded,  the 
brain  is  still  adequately  supplied  with  blood. 

One  exception  to  the  rule  that  all  veins  carry  blood  to  the  heart  is  the 
hepatic  portal  system,  which  collects  blood  from  the  spleen,  stomach, 
pancreas  and  intestines  and  conducts  it  to  the  liver.  There  the  portal 
vein  breaks  up  into  capillaries  which  in  turn  unite  to  form  the  hepatic 
vein,  which  drains  blood  from  the  liver  into  the  inferior  vena  cava. 
Because  of  this  arrangement,  all  blood  from  the  spleen,  stomach,  intes- 


Fig.  74.  Diagram  of  the  main  arteries  and  veins  of  the  body;  arteries  (white) ,  pulmonary 
tery  (stippled) ,  veins  (horizontal  lines),  pulmonary  veins  (black)  and  hepatic  portal  system 

lotted) . 


Common  Carotid  Artery 


Superior 
Vena  Cava 


Right  Lung 


Inferior 
Vena  Cava 


Liver 


Right  Kidney 


Intestine 


Int.  Jugular  Vein 


Left  Lung 


Spleen 

Stomach 


Left  Kidney 


Common  Iliac 
Vein  8  Artery 


Pancreas 


Aorta 


Subclavian 
Vein  8  Artery 


tines  and  pancreas  must  pass  through  the  liver  before  it  reaches  the 
heart.  Thus,  food  absorbed  in  the  intestines  is  carried  directly  to  the 

‘T  Feted ^Chcuiation  and  Changes  a,  Birth.  A  fetus  in  its  mother’s 
womb  or  uterus,  cannot  obtain  food  or  air  directly;  consequently  its 
stomach  and  lungs  are  nonfunctional.  It  obtains  both  food  and  oxygen 
from  the  maternal  blood  by  means  of  blood  vessels  in  the  placenta  and 
umbilical  cord.  There  is,  however,  no  direct  connection  between  t 
blood  streams  of  mother  and  fetus.  The  blood  of  the  etus  ^ manufac¬ 
tured  within  its  own  body,  chiefly  in  the  spleen  and  liver  Within  the 
placenta  the  capillaries  of  mother  and  fetus  come  into  close  contact, 


155 


The  Circulatory  System 

and  substances  pass  from  one  to  the  other  by  diffusion;  oxygen  and 
food  substances  diffuse  from  the  maternal  to  the  fetal  blood  vessels,  and 
carbon  dioxide  and  metabolic  wastes  diffuse  from  the  fetal  to  the  ma¬ 
ternal  blood  vessels.  The  developing  fetus  has  the  remarkable  ability  to 
use  one  set  of  blood  vessels  while  developing  a  second  set,  which  must 
be  ready  to  take  over  immediately  after  birth. 


•r^?.75-  ^he  human  circulatory  system  before  birth.  The  structures  peculiar  to  the  fetal 
circulatory  system  are  the  umbilical  arteries  and  vein  to  the  placenta;  the  ductus  vnosus 

tmVerSeS  Ule  Hver  and  C0nnecls  the  umbilical  vein  with  the tYeZ7v2 
(foramen M  conLnecting  the  pulmonary  artery  and  aorta;  and  the  oval  window 

Fetus.)  ’  C°nneCting  lhe  rieht  and  left  a™cles.  (Windle,  W.  F.:  Physiology  of  the 


'l  wo  umbilical  arteries  grow  out  of  the  lower  part  of  the  aorta  of  the 
by  a  sTnsle“mbilica!  P'aCen (.FiS'  75>-  Mood  is  returned  to  the  child 
into3  the  Inferior 'vena  caTO.1^?factSttat*U^fan^\reVsmaU^an?nonS 

heart;  the  rest must  he  paied  aCd 

,S  accomplished  by  two  temporary  deviees:  the  oJo,  window  between 
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the  right  and  left  auricles,  and  the  arterial  duct  connecting  the  pul¬ 
monary  artery  and  the  aorta.  The  opening  of  the  oval  window  is  covered 
by  a  flap  of  tissue  which  acts  as  a  valve.  The  blood  from  the  umbilical 
vein,  rich  in  oxygen  and  food,  is  mixed  with  the  blood  of  the  inferior 
vena  cava  and  passes  to  the  right  auricle.  Most  of  this  blood  then  flows 
through  the  oval  window  (pushing  the  flap  of  the  valve  aside,  since  the 
blood  pressure  is  higher  in  the  right  than  in  the  left  auricle)  to  the  left 
auricle,  whence  it  flows  through  the  left  ventricle  to  the  aorta.  From 
the  aorta  this  blood  with  a  high  oxygen  content  passes  chiefly  to  the 
arteries  of  the  wall  of  the  heart,  the  head  and  the  forelimbs.  Some  of  it, 
together  with  blood  entering  the  right  auricle  from  the  superior  vena 
cava,  passes  into  the  right  ventricle  and  out  the  pulmonary  artery. 
Only  a  fraction  of  the  blood  with  low  oxygen  content  goes  to  the  lungs; 
the  rest  passes  across  the  arterial  duct  to  the  aorta.  Since  the  arterial 
duct  joins  the  aorta  beyond  the  point  at  which  the  arteries  to  the  head 
and  arms  branch  off,  this  blood  passes  down  the  aorta.  Only  about  a 
third  of  it  goes  to  the  lower  part  of  the  trunk  and  to  the  legs;  the 
remainder,  carried  by  the  umbilical  arteries,  goes  to  the  placenta,  where 
it  receives  more  oxygen  and  food.  By  this  arrangement  the  more  rapidly 
growing  head  and  upper  part  of  the  body  receive  the  additional  oxygen 

they  need. 

At  birth,  when  the  infant  begins  using  his  lungs,  a  number  of  changes 
must  occur  quickly.  The  tying  of  the  umbilical  cord  deprives  the  child 
of  that  source  of  oxygen.  Carbon  dioxide  begins  to  accumulate  in  the 
blood  stream  and  stimulates  the  respiratory  center  in  the  brain  to  bring 
about  the  child’s  first  breath.  Consequently  the  lungs  and  lung  capil¬ 
laries  expand,  causing  more  blood  to  pass  through  the  pulmonary  ar¬ 
teries  instead  of  through  the  arterial  duct.  This  blood,  returning  to  the 
left  auricle,  increases  the  blood  pressure  in  that  chamber  and  pushes 
the  flap  of  tissue  across  the  oval  window,  stopping  the  flow  of  blood  from 
the  right  to  the  left  auricle.  This  valve  eventually  grows  in  place  caus¬ 
ing  the  oval  window  to  be  permanently  closed.  The  endothelial  lining 
of  the  arterial  duct  grows  rapidly  to  obliterate  the  cavity  of  the  vessel, 
and  prevent  the  further  passage  of  blood.  Failure  o  the  oval  window 
or  the  arterial  duct  to  close  properly  interferes  with  the  normal f  action 
of  the  blood;  if  the  condition  is  extreme,  the  child  may  die.  If  the  by¬ 
passes  close  only  partially,  the  hemoglobin  is  inadequately  oxygenated 
and  a  “blue  baby”  results*  The  arterial  duct,  plus  parts  ot  the  umbilical 
arteries  and  veins,  remains  within  the  body  and  is  changed  mto  connec- 

tiV6e  t;SheUeRta.ef0oMhf  Flow  of  Blood.  In  its  course  through  the  body, 

£  ssrs  --- 

rapid  in  the  veins  (about  1« >  mm.  per 

Z:  t  less  in  the  larger  tube.  When  the  blood  flows  through  a  senes 

•  The  child's  skin  appears  b,ue  because  the  capillaries  are  filled  with  blu.sh  hemoslob.n 
instead  of  the  normal  scarlet  oxyhemoglobin. 
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of  tubes  of  different  sizes,  connected  together  end-to-end, 
is  always  inversely  proportional  to  the  cross-sectional  area 


its  velocity 
of  whatever 


tube  it  happens  to  be  in.  , 

The  circulatory  system  is  constructed  in  such  a  way  that  one  large 
artery  (the  aorta)  branches  into  many,  intermediate-sized  arteries. 
These  in  turn  branch  into  thousands  of  small  arteries  (called  arterioles) 
each  of  which  gives  rise  to  many  capillaries.  Although  the  branches  of 
the  aorta  are  smaller  than  the  vessel  itself,  there  are  so  many  of  them 
that  the  total  cross-sectional  area  is  greater,  and  the  rate  of  flow  cor¬ 
respondingly  less.  It  has  been  estimated  that  the  total  cross-sectional 
area  of  all  the  capillaries  of  the  body  is  about  800  times  that  of  the  aorta. 
Therefore,  the  rate  of  flo>v  in  the  capillaries  is  about  %ooth  as  great  as 
in  the  aorta.  At  the  other  end  of  the  capillary  network,  the  capillaries 


Contracting  Filling 

Ventricle  Ventricle  “t"* 


log.  76.  Diagram  of  the  movement  of  blood  from  the  ventricle  through  the  elastic  artery. 
For  simplicity,  only  one  ventricle  and  artery  are  shown,  and  the  amount  of  stretching  of  the 
arterial  wall  is  exggerated.  A,  As  the  ventricle  contracts,  blood  is  forced  through  the  semi¬ 
lunar  valves,  and  the  adjacent  wall  of  the  aorta  is  stretched.  B,  As  the  ventricle  relaxes  and 
begins  to  fill  for  the  next  stroke,  the  semilunar  valves  close  and  the  expanded  part  of  the 
aorta  contracts,  causing  the  next  adjacent  part  of  the  aorta  to  expand.  C,  The  pulse  wave 
of  expansion  and  contraction  is  transmitted  to  the  next  section  of  the  aorta. 


join  to  form  small  veins  (venules)  which  combine  to  form  increasingly 
larger  veins.  As  this  occurs,  the  total  cross-sectional  area  decreases  and 
the  rate  of  flow  increases. 

Since  the  heart  pushes  blood  into  the  arteries  only  during  ventricular 
systole,  its  arterial  motion  is  spasmodic — rapid  when  the  ventricles  con¬ 
tract,  slow  at  other  times.  When  the  semilunar  valves  are  closed,  the 
Mood  in  that  part  of  the  aorta  nearest  the  heart  is  stationary,  but  the 
b  ood  in  the  arteries  farther  away  from  the  heart  does  not  stop  com- 
P  <  e  v  let  ween  systoles.  In  the  arterioles  the  alternation  in  speeds  is 

that?™  "l  tH<;  CaP|i"arieS  the  flow  of  blood  ^  almost  constant,  so 

interm?ttSf?  flf  S  can  .occnr  continuously.  This  conversion  of  the 

ntermittent  flow  in  the  arteries  to  the  steady  flow  in  the  capillaries  is 

made  possible  by  the  elasticity  of  the  arterial  wall.  The  force  of  the  con 

2  ?r two  ihings:  wood  ^15  and 

walls  conthrae?  S  ^  8  S  (LPlg'  7,i> '  DllrinS  diastole  the  stretched 
walls  contract  as  does  a  stretched  rubber  band  when  the  stretching 
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force  is  removed — thus  squeezing  the  blood  along.  The  blood  is  pre¬ 
vented  from  flowing  backward  by  the  closure  of  the  semilunar  valves. 
1  he  contraction  of  the  arterial  wall  next  to  the  heart  distends  the  next 
section  of  the  aorta  or  pulmonary  artery,  which,  in  turn,  contracts  and 
distends  the  next  section,  and  so  on.  This  alternate  stretching  and  con¬ 
tracting  passes  along  the  arterial  wall  at  the  rate  of  7  to  8  meters  (25 
feet)  per  second,  and  is  known  as  the  pulse.  The  blood  inside  the  artery 
flows  at  a  much  slower  rate,  about  20  inches  per  second. 

Two  other  factors  aid  the  heart  in  moving  blood  through  the  veins — 
the  movements  of  the  skeletal  muscles  and  the  motion  of  the  body  in 
breathing.  Most  of  the  veins  are  surrounded  by  skeletal  muscles,  which, 
when  they  contract,  cause  the  veins  to  collapse  (Fig.  77) .  As  the  muscles 
relax,  the  collapsed  section  again  fills  with  blood,  which  must  come  from 
the  direction  of  the  capillaries.  This  mechanism  by  which  muscle  con- 


Fig.  77.  The  action  of  skeletal  muscles  in  moving  blood  through  the  veins.  A,  Resting  con¬ 
dition.  B,  Muscles  contract  and  bulge,  compressing  veins  and  forcing  blood  toward  heart. 
The  lower  valve  prevents  backflow.  C,  Muscles  relax,  and  the  vein  expands  and  fills  with 
blood  from  below;  the  upper  valve  prevents  backflow. 


tractions  “milk”  blood  along  the  veins  is  especially  important  in  return¬ 
ing  blood  to  the  heart  from  the  legs  against  the  pull  of  gravity.  If  one 
stands  upright  quietly  for  a  time,  tissue  fluid  tends  to  collect  in  the  legs 
and  swelling  (edema)  results.  In  walking,  the  contractions  of  the  leg 
muscles  force  the  blood  along  the  veins,  and  the  feet  and  ankles  are 
less  likely  to  swell.  In  breathing,  the  chest  muscles  and  diaphragm 
contract,  increasing  the  space  inside  the  chest  and  lowering  the  pressure 
within  the  chest  cavity  below  that  outside  the  body,  causing  air  to  flow 
into  the  lungs.  Since  the  heart  lies  within  the  chest  cavity,  it  too  is 
affected  by  the  breathing  movements,  and  the  pressure  within  the  veins 
in  the  chest  is  lowered  as  one  inhales.  Blood  moves  into  the  chest  veins 
and  auricles  for  the  same  reason  that  air  moves  into  the ^  lungs. 

These  two  factors  are  important  in  enabling  the  circu  a  ory  sy 
respond  to  the  increased  need  for  blood  during  exercise^  At  that  time 

both  the  ‘'milking”  action  of  the  muscles  on  the  vems Jhe  aurLs 
movements  are  greatly  increased,  sending  more  blood  to  the  auric  . 
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You  will  recall  that  the  greater  the  volume  of  blood  entering  the  heart, 
the  more  the  heart  muscle  is  stretched,  the  more  forcibly  the  heart 
beats,  and  the  greater  the  volume  of  blood  ejected  per  beat.  Because  of 
this,  the  muscular  contractions  during  excitation,  which  bring  about 
increased  requirements  for  food  and  oxygen,  are  partly  instrumental 
in  causing  the  circulatory  system  to  satisfy  the  increased  requirements. 

It  would  be  wasteful,  however,  to  have  all  parts  of  the  body  receive 
an  increased  supply  of  blood  whenever  one  part  became  active.  To  ob¬ 
viate  this,  the  circulatory  system  is  equipped  with  a  device  for  regulating 
the  rate  at  which  blood  is  delivered  to  any  particular  part  of  the  body 


Copillories  of  Intestine 


Capillaries  of  Leg  Muscles 

l'lg.  78  Diagram  of  the  reactions  of  the  circulatory  system  during  exercise  Contraction 
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amount  of  carbon  dioxide  acts  directly  on  the  smooth  muscles,  causing 
them  to  relax,  and  thus  increases  the  delivery  of  blood  to  the  active  tis¬ 
sue.  Epinephrine  causes  a  relaxation  of  the  walls  of  the  arterioles  serving 
the  skeletal  muscles,  but  a  contraction  of  the  walls  of  the  arterioles  serv¬ 
ing  the  internal  organs — the  stomach,  intestines  and  liver — which  results 
in  a  greatly  increased  flow  of  blood  to  the  skeletal  muscles.  These  chem¬ 
ical  effects  are  independent  of  the  nerves,  and  act  equally  well  on  normal 
arterioles  and  on  those  with  severed  nervous  connections. 

7.  Blood  Pressure.  The  beating  of  the  heart  is  responsible  for  the 
blood  pressure  in  the  vessels,  causing  it  to  rise  with  each  contraction  and 
to  fall  with  each  relaxation  of  the  ventricles.  The  highest  pressure,  due 
to  systole  of  the  heart,  is  called  systolic  pressure;  the  lowest,  due  to 
diastole,  is  called  diastolic  pressure  (Fig.  79) . 


The  pressure  in  an  artery  can  be  measured  directly  by  ‘"f rt  n?  “  1 \ 
into  it  and  measuring  the  height  to  which  the  column  of  blood  rises  An 
English  clergyman,  Stephen  Hales,  made  the  first  such  measurement  in 
1733  He  found  the  blood  pressure  in  the  carotid  artery  o  a  mare  su  - 
ficient  to  cause  a  column  of  blood  to  rise  9%  feet  m  a  glass tube. 

Because  it  is  not  practical  to  puncture  an  artery  in  a  human  g 
each  time  the  blood  pressure  is  taken,  a  device  known  as  a  sphygmo- 
i,  .».!  This  consists  .1  .  tied 

. . .  ‘-"it;1'  hiri:  :;«*  t-U 

zsxrsz&  sT«:  r>  i.  js— fts 

moeh  pressure  rh  '!le ^'1'^  ^"in  theVoe  which  is  prst  cnouRh  to 
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pressure  in  the  cuff  is  just  below  systolic  pressure  (Fig.  81,  C) ,  a  small 
amount  of  blood  passes  the  constriction  each  time  the  pressure  rises  at 
systole.  This  blood  strikes  the  stationary  blood  beyond  the  cuff,  pro¬ 
ducing  vibrations  audible  in  the  stethoscope.  As  the  pressure  in  the  cufl 
is  gradually  lowered,  more  and  more  blood  passes  at  each  systole,  pio- 
ducing  an  increasingly  loud  noise  (Fig.  81,  D) .  When  the  pressure  in 
the  cuff  is  just  above  diastolic  pressure,  the  noises  are  loudest,  and  as 
the  cuff  pressure  drops  below  it,  the  blood  flows  continuously  and  no 
noises  are  audible  (Fig.  81,  E) . 

In  man  and  many  mammals,  systolic  pressure  is  about  120  mm.  of 
mercury  (i.e.,  equal  to  the  pressure  of  a  column  of  mercury  120  mm. 


steIUwsTODeI|l,,ril1inmS  the  b!?°d  PTSUre  by  means  of  a  sphygmomanometer.  Using  a 
throuTthe  Z  rai "aT  lCt  the  "1CreaSC  and  decrease  in  ^ise  of  the  blood  flowing 

to  Human  Phy?l^TUre  "  ^  “  ““  “d  '»""'d- 


Shvs[ol’i,.aann,ldHaSt?'r  pressure  ab0Ut  75  ram-  The  difference  between 
ocful  each  tnrt°h  t,Pr1SKrerthat  is’  the  chanSe  in  P^sure  that 
terial  I^essurel'tisuan^measured3^! 'the^rterv'of^l  .(^|r^,SSUr^"  ar' 

numerator  and^he^^  M'  &  fraCti°n’  with  the  systolic  preTsire  as  the 
rator  and  the  diastolic  pressure  as  the  denominator-  120/7^ 

re^rn/to^e  ySiCi<,n  ^  y°“  tHat  b>°°d  P-su/e  ^  120  hHs 

mean  that  the bfoXdfover  v‘ *‘7’?'  ?rtery  in  lhe  arm'  and  does  not 
blood  pressure  decreases°alone<t^^d^  's  under  the  same  pressure.  The 

the  veins,  being  greatest^ in  the a SyStem  from  the  a°rta  to 
the  veins  near  the  auricles  where  it  ^  aS  14°^  and  lowest  in 
-  -  —..eric 
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caused  by  the  friction  of  the  blood  rubbing  against  the  walls  of  the  blood 
vessels,  and  is  especially  marked  in  the  arterioles  and  capillaries,  be¬ 
cause  those  vessels  are  small  and  friction  is  greatest.  The  gradual  de¬ 
crease  in  pressure  is  necessary  to  keep  the  blood  flowing;  if  the  pressure 
were  the  same  throughout  the  circulatory  system,  the  blood  would  not 
move. 


A  “ 

Arm 

Blood  Pressure:  mammwimnunamnaimBnnmnnamwmiimmma 
120  Systolic  *  4  *  i  *  l  “  Artery 

75  Diastolic  . . . 


Pressure  in 
cuff  120  or  over 


na^Artery  collopsed^,^” 


Pressure 
in  cuff  115 

'Sound  oudible 
in  stethoscope 


Rubber  bog  infloted  with  oir 


Pressure  in 
cuff  below  75 


Fic  81  The  measurement  of  blood  pressure  by  the  sphygmomanometer.  A,  The  blood 
pushes  against  the  arterial  walls  with  a  pressure  (systolic)  of  120  mm.  of  mercury -when 
the  lteart  contracts  and  a  pressure  (diastolic)  of  75  mm.  of  mercury  when  the  heart  rs 
efased  B  When  the  air  pressure  in  the  rubber  cult  exceeds  120  mm.  of  mercury  the  arm  . 
S"d,'the  artery  is  Vpsed  and  no  blood 

below  120,  the  artery  is  collapsed  except  for  a  sma  pe  stethoscope.  D,  With  the 

amount  of  blood  squirts  through,  producing  a  auchble  m  the  steth^  P  ^  amount 

pressure  in  the  cuff  at  95,  the  artery  is  open  tor  a  longer  tune  - du .  g  ^  in  the  cuff 

-rc^sSdSr;^  r  sr- s  s.fc—  ^ 

The  hiffh  pressure  in  the  arteries  is  necessary  to  force  blood  through 

pressure  is  also  necessary  to  P  ,  arterioles  of  an  organ 
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capillaries  next  to  the  arterioles,  to  about  10  on  the  side  next  to  the 
venules.  This  enables  water  and  substances  dissolved  in  the  blood  to 
filter  out  of  the  capillaries  into  the  tissue  fluid.  Remember  that  blood 
plasma  contains  proteins  which  exert  an  osmotic  pressure,  tending  to 


Fig.  82.  Diagram  showing  the  blood  pressure  in  the  different  types  of  blood  vessels  of  the 
body.  The  systolic  and  diastolic  variations  in  arterial  pressures  are  shown.  Note  that  the 
venous  pressure  drops  below  zero  (below  atmospheric  pressure)  near  the  heart. 


Blood  Pressure  :  40mm  Mercury 


Blood  Pressure  =  10  mm  Mercury 


Osmotic  Pressure  =25  mm.  \ 
••  Net  pressure  of  15  mm.  b 
moving  woter  out  of  capillaries  1 


A  Osmotic  Pressure  -  25mm. 
/  -  Net  pressure  of  15  mm. 

moving  water  into  capillaries 


'TISSUE  CELLS- 

I  ig-  83.  Diagram  of  the  forces  responsible  for  the  exchange  of 

and  tissue  fluid. 


materials  between  capillaries 


same  aTfroth^ends°ofe the^eardtl  ^  °Sm°tic  Pressure  «  the 

25  mm.  of  mercury  Thus  in  the"™’  3fCr.tlng  thc  s^me  Pressure  as  about 
net  pressure  of  some  IS  mm  ranP  "f  th.e  arterioles  there  is  a 

of  the  capillaries  (Fig  83)  At  the  T”  Wh'?h  Pushes  water  out 

net  pressure  of  abouftfmm^mm"  theve"u'*>  there  is  a 

capillaries.  Under  normal  conditions  the  bio  I  "  'i'~  ’ac^  into  the 

because  equa,  guantities  of 
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tant  in  maintaining  a  constant  stream  of  fresh  tissue  fluid  and  its  dis¬ 
solved  nutrients  past  each  cell  of  the  body. 

It  is  important,  too,  in  replenishing  the  liquid  of  the  blood  after 
hemorrhage.  In  such  circumstances  the  decrease  in  blood  volume  causes 
a  decrease  in  blood  pressure  and  hence  in  filtration  pressure.  But  the 
amount  of  proteins  per  cubic  centimeter  of  blood  remains  the  same,  so 
that  osmotic  pressure  is  not  diminished.  This  results  in  a  lowered  net 
pressure  to  move  water  out  of  the  capillaries  at  the  arterioles,  and  an 
increased  net  pressure  to  move  it  into  the  capillaries  at  the  venule  end, 
thereby  increasing  the  blood  volume  at  the  expense  of  the  tissue  fluid. 
This  is  a  temporary  measure  to  prevent  heart  failure  from  a  lack  of 
blood  to  be  pumped,  and  true  recovery  does  not  occur  until  later  when 
new  blood  is  manufactured. 

“Shock”  is  a  condition  frequently  present  after  surgical  operations, 
burns,  accidents  or  severe  fright.  It  is  characterized  by  an  increased 
permeability  of  the  walls  of  the  capillaries,  which,  by  allowing  the  plasma 
proteins  to  escape,  lowers  the  osmotic  pressure  that  normally  returns 
fluids  to  the  capillaries.  As  a  result,  fluids  escape  from  the  capillaries  to 
the  tissues,  the  blood  volume  decreases,  and,  in  severe  cases,  death 
results.  The  danger  from  the  shock  accompanying  severe  wounds  has 
been  greatly  lessened  by  the  use  of  repeated  plasma  transfusions  which 
replace  the  lost  plasma  proteins  and  prevent  the  loss  of  fluids  from  the 
capillaries. 


IV.  HEART  AND  VESSEL  DISORDERS 

The  heart  is  subject  to  several  conditions  which  interfere  with  its 
ability  to  pump.  Severe  muscular  exercise  by  a  person  in  poor  physical 
condition  may  strain  and  damage  the  heart  muscle  and  reduce  its  ability 
to  contract.  Or  the  blood  vessels  leading  to  the  heart  muscle  may  be¬ 
come  clogged  by  a  blood  clot  or  some  other  object  which  cuts  off  the 
supply  of  food  and  oxygen,  resulting  in  a  heart  “attack.  If  the  area  of 
the  heart  served  by  the  plugged  vessel  is  not  too  large  the  attack  wi 
not  be  fatal;  but  if  a  large  area  is  affected,  death  results  within  a  few 
minutes.  Certain  diseases,  such  as  diphtheria,  produce  poisons  which 
reach  the  heart  via  the  blood  stream  and  injure  the  heart  muscle.  An 
excess  of  thyroid  hormone  causes  the  auricles  to  beat  in  an  uncoordinated 
way  so  that  efficiency  is  impaired.  Sometimes  the  heart  valves  damaged 
by  disease  organisms  such  as  those  of  syphilis  or  rheumatic  fever’Jre 
unable  to  close  properly,  and  blood  leaks  back  after  the  heart  contracts. 
To  compensate  for  this,  the  heart  often  enlarges  to  increase  its  pumping 
ability” ^Rheumatic  fever,  which  is  especially  prevalent  among  young 
people,  is  dangerous,  not  because  of  the  infect, on  of  the  joints-its  pri¬ 
mary  effect— but  because  of  the  secondary  effect,  heart  disease 

As  one  grows  older,  the  walls  of  the  arteries,  tending  to  lose  their 
elasticity  become  harder  and  thicker,  reducing  the  size  of  the >  cavity. 
IeSS  blood  then  passes  to  the  organs,  which  are  unable  to  function 
Pity  TTsuallv  an  increase  in  blood  pressure  accompanies  the  harden 

they  lose  their  elasticity  and  are  unable  to 
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other  disorders— kidney  disease,  for  example— and  is  dangerous  because 
if  excessive,  it  may  burst  a  blood  vessel.  Usually,  only  a  small  vessel 
bursts  and  the  loss  of  blood  is  not  important.  But  bleeding  in  a  soft 
structure  such  as  the  brain  may  damage  the  cells,  resulting  in  paralysis 
of  the  muscles  served  by  them,  and  sometimes  death  ensues.  High  blood 
pressure  may  bring  about  heart  failure  by  forcing  it  to  enlarge  in  order 
to  drive  the  blood  against  the  increased  resistance  of  the  hardened 

arteries.  tj^Oj"!%| 

The  veins  sometimes  swell,  causing  large  pools  to  form  within  the 
vessels  (a  condition  called  varicose  veins) .  Varicose  veins  occur  almost 
always  in  the  legs,  and  are  most  frequently  the  affliction  of  people  who 
have  to  stand  a  great  deal.  Standing  still  increases  the  pressure  in  the 
leg  veins  by  .depriving  them  of  the  “milking  action  of  the  leg  muscles, 
which  ordinarily  helps  to  return  the  blood  properly.  But  the  ultimate 
causes  of  the  condition,  and  the  reason  why  it  is  more  prevalent  among 
women  than  among  men,  are  obscure. 


V.  THE  LYMPH  SYSTEM 

Besides  the  blood  circulatory  system,  the  body  is  equipped  with  a 
similar,  independent  group  of  vessels  constituting  the  lymph  system. 
These  vessels  carry  the  clear,  colorless  fluid,  lymph,  which,  like  tissue 
fluid,  comes  from  the  blood  by  diffusing  through  the  walls  of  the  capil¬ 
laries,  and  so  resembles  it  closely.  But  it  contains  much  less  protein 
than  does  blood  (because  the  protein  molecules  are  large  and  diffuse 
slowly)  and  no  red  cells.  It  does  contain  white  cells,  some  of  which  enter 
the  lymph  capillaries  from  the  tissue  fluid,  others  of  which  are  manu¬ 
factured  in  the  lymph  nodes.  In  other  respects  lymph  is  similar  to  blood. 

The  lymph  system  differs  from  the  blood  system  in  that  its  vessels 
serve  only  to  return  fluid  to  the  heart.  There  are  no  arteries  in  this  sys¬ 
tem,  only  capillaries  and  veins  distributed  all  over  the  body.  The  capil¬ 
laries  are  extremely  tiny  vessels,  with  walls  only  one  cell  thick,  which 
resemble  blood  capillaries,  except  that  they  are  closed  at  one  end  (Fig. 
&4) .  Lymph  diffuses  into  these  capillaries  from  the  surrounding  tissue 
fluid.  At  the  other  end  the  capillaries  connect  with  lymph  veins,  which 
resemble  blood  veins  in  having  valves  and  thin  walls.  These  in  turn 
empty  into  successively  larger  veins,  the  biggest  of  which  drains  into  the 
eft  shoulder  vein  of  the  blood  system.  It  is  important  to  remember  that 
uids  reach  the  cells  of  the  body  by  one  route  only:  the  arteries,  arterioles 
and  capillaries  of  the  blood  circulatory  system.  But  there  are  two  possible 

and"  veins'1  t6S:  bl°°d  Capillaries  and  veins-  an<l  the  lymph  capillaries 

knttnt  linll  ZhT  thC  ',ymph  Vessfls  i0in  are  aggregations  of  cells 
known  as  lymph  nodes,  analogous  to  the  pillboxes  in  a  military  line  of 

andT  / manufactllre  lymphocytes  and  filter  out  dust  particles 
phagocyUzed  by  "he  thftu  <1^mf£l>a-Cter“  C"’  1,6  CaU?ht  and 
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tion  the  bacteria  may  penetrate  all  the  lymph  nodes  and  invade  the 
blood  stream.  But  even  in  such  cases  the  lymph  nodes  are  valuable  in 
delaying  the  spread  of  the  infection,  thus  giving  the  body  time  to 
accumulate  white  cells  to  fight  it.  The  presence  of  infectious  organisms 
causes  the  lymph  nodes  to  become  swollen  and  tender — thus  the  lymph 
nodes  of  the  neck  become  noticeably  swollen  in  cases  of  sore  throat.  In 
the  lymph  systems  of  city  dwellers  and  heavy  smokers  the  nodes  near 
the  lungs  become  filled  with  particles  of  dust  and  soot  and  are  a  dark 
gray  or  black.  These  particles  may  eventually  interfere  with  the  func¬ 
tioning  of  the  lymph  nodes,  and  lower  resistance  to  lung  infections,  such 
as  tuberculosis. 


/nterce/fu/or  apace 


/ymphat/c 


i/es5e/ 


ve/n 


ce//e 


cap/Z/ones 


Fie  81  Diagram  of  the  relation  between  tissue  ceils  and  blood  and  lymph  capillaries -  Note 

mechanisms  which  aid  the  heart  in  causing  blood  to  flow  in  the  veins 
The  movements  ot  the  adjacent  skeletal  muscles  which  compress  the 
lymph  vessels  (the  valves  prevent  its  backflow)  and  the  breathin^ 
movements  of  the  chest.  The  flow  of  lymph  from  the  intestine  is  aided 
bv  the  movements  of  the  villi,  the  finger-like  projections  from  the  wall 
of  the  intestine  into  its  cavity,  which  contract  and  relax  spasmodically. 
The  rate  of  the  flow  of  lymph  is  much  slower  than  that  of  bloo  . 

.  i  i  a  11P  lvmnli  “hearts”  which  pulsate  and  squeeze  the  lymph 

thicker  walled,  muscular  parU  of  the  lymph  vessels,  and 

have  no  chambers  or  special  valves. 


The  Circulatory  System  ^ 

10.  Functions  of  the  Lymph  System.  The  lymph  system  performs  four 
functions.  First,  it  assists  in  returning  tissue  fluids  to  the  blood  circula¬ 
tory  system.  Since,  normally,  the  walls  of  the  blood  capillaries  are 
slightly  permeable  to  the  proteins  of  the  plasma,  there  is  a  slow,  constant 
leakage  of  these  proteins  into  the  tissue  fluid.  Without  the  lymph  system 
the  concentration  of  protein  in  the  tissue  fluid  would  eventually  equal 
the  concentration  in  the  blood  capillaries.  This  would  interfere  with  the 
mechanism  that  draws  tissue  fluid  into  the  blood  capillaries  at  their 
venous  end,  and  so  result  in  swelling  (edema) .  The  tremendous  swellings 
of  elephantiasis  are  caused  by  the  blocking  of  the  lymph  channels  by 
a  parasitic  worm  (called  a  filaria)  which  is  injected  into  the  body  by 
the  bite  of  a  mosquito. 

We  have  already  noted  two  other  functions  of  the  lymph  system — 
the  manufacture  of  lymphocytes,  and  the  filtering  of  dust  and  bacteria. 
A  fourth  function,  the  absorption  of  fats,  is  accomplished  by  the  lymph 
vessels  which  drain  the  intestines.  The  products  resulting  from  the 
digestion  of  carbohydrates  and  proteins  are  absorved  directly  into  the 
blood  capillaries,  but  most  digested  fats  are  absorbed  into  the  lymph 
capillaries  in  the  walls  of  the  intestine  and  carried  by  the  lymph  vessels 
to  the  left  shoulder  vein,  whence  they  are  emptied  into  the  blood  stream. 
Why  fats  should  be  absorbed  in  this  way  is  unknown. 

From  the  foregoing  discussion  you  can  understand  why  the  lymph 
system  has  an  important  relation  to  the  spread  of  cancer  throughout 
the  body.  Cancer  is  a  condition  in  which  certain  cells  become  overactive 
in  growth  and  cell  division,  increasing  at  the  expense  of  the  surrounding 
cells.  The  stimulus  for  this  may  be  certain  chemicals;  X-rays  or  other 
rays;  the  presence  of  unusual  parasites  within  the  cells;  and  probably 
other  factors.  Whatever  the  cause,  the  cells  proliferate  and  cause  a  swell¬ 
ing.  They  may  then  break  off  from  the  original  mass,  find  their  way  into 
a  lymph  vessel  and  be  carried  by  it  to  other  parts  of  the  bodv.  If  treat¬ 
ment  is  begun  in  time,  cancer  is  curable  by  surgery  or  radiation,  be¬ 
cause  the  lymph  nodes  prevent  the  cells  from  spreading  rapidly.  In  cut- 
mg  out  a  cancerous  growth,  the  surgeon  must  be  careful  to  remove  the 
adjacent  lymph  nodes,  which  may  contain  cancerous  cells  capable  of 
instigating  a  recurrence  of  the  condition. 

VI.  CIRCULATION  IN  OTHER  ORGANISMS 

onfLTtRofir,S|!'<Tetthe  ST  pr"'’,em  of  ^ransporting  substances  from 
ne  part  of  the  body  to  another.  The  human  heart,  with  its  remarkable 

In  some  of  these  organisms  Hip  ,  1  ,  !  °  another  by  diffusion. 

is.* » ,h<  srss 
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wastes  and  gases  simply  diffuse  through  the  cytoplasm  and  eventually 
reach  all  parts  of  the  cell.  In  most  protozoa  this  process  is  aided  by  move¬ 
ments  of  the  cytoplasm.  As  an  ameba  moves  along,  the  cytoplasm 
streams  from  the  rear  to  the  front  of  the  body,  distributing  substances 
throughout  the  cell  (Fig.  85,  A ) .  In  other  types  of  protozoa,  such  as 
the  Paramecium,  which  has  a  firm,  outer  shell  and  does  not  change  shape 
as  it  moves,  substances  are  distributed  by  a  rhythmic,  circular  move¬ 
ment  of  the  cytoplasm  in  the  direction  indicated  by  the  arrows  in  Figure 
85,  B.  Food  is  taken  in  through  a  “mouth”  and  gullet  on  one  side  of 
the  animal,  and  food  vacuoles  form  at  the  base  of  this  gullet  to  break 
off  and  move  through  the  cell  as  they  digest  and  give  off  food.  Gases 
and  waste  products  of  metabolism  are  moved  similarly. 

The  coelenterates — the  group  of  many-celled  animals,  including  hy¬ 
dras,  corals,  jellyfishes  and  sea  anemones — have  a  simple  body  plan. 
The  body  wall  consists  of  two  layers  of  cells  surrounding  a  central  cavity 


(Fig  103),  which  serves  both  as  a  digestive  and  circulatory  organ.  In 
the  center  of  the  bases  of  the  tentacles  a  mouth  opens  lnl”  ^‘s  ” 

cavity.  When  the  tentacles  have  eaptured  their  prey  they  s 
through  the  mouth  into  the  cavity,  where  digestion  occurs.  The  digest 
food  substances  then  pass  to  the  cells  lining  the  caV.ty  and  th  ough 
them,  by  diffusion,  to  the  outer  layer.  The  movement  of  the  amm 
body,  as  it  alternately  stretches  and  contracts,  stirs  up  the  content 

of  the  central  cavity  and  a^  ^culatKim  having  a 

The  flatworm  planana  (rig.  resemDies  uic  ,v 

inggBuT bSdeTIh^ inner Tnf oute^ lay  erf  of  ceffs*  found  in  hydra  the 
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of  cells  and  passes  through  the  tissue  fluid  to  the  other  cells.  As  in  the 
coelenterates,  circulation  is  aided  by  the  contraction  of  the  muscles  in 
the  body  wall  which  agitate  the  fluid  in  the  central  cavity  and  the 

tissue  fluid.  ^  I 

In  the  earthworm  and  similar  forms  there  is  a  definite  circulatory 
system,  consisting  of  plasma,  blood  cells  and  blood  vessels,  although  the 
latter  are  not  specialized  as  arteries,  veins  and  capillaries.  There  are 
two  main  blood  vessels,  one  on  the  ventral  side,  in  which  blood  flows 
posteriorly  (Fig.  53) ,  and  one  on  the  dorsal  side,  in  which  it  flows  an¬ 
teriorly.  Connecting  these  in  each  part  of  the  body  are  small  tubes  which 
serve  the  intestine,  skin  and  other  organs.  In  the  anterior  part  of  the 
worm  are  five  pairs  of  “hearts”  or  pulsating  tubes  which  conduct  blood 
from  the  dorsal  to  the  ventral  vessel  to  complete  the  circuit.  The  con¬ 
tractions  of  the  muscles  of  the  body  wall  aid  the  hearts  in  circulating 
the  blood. 

The  larger  and  more  complex  invertebrates,  such  as  clams,  squids, 
crabs  and  insects,  all  have  a  circulatory  system  consisting  of  a  heart, 
blood  vessels,  plasma  and  blood  cells.  The  heart  is  different  from  a 
vertebrate  heart,  consisting  in  most  forms  of  a  single  muscular  sac. 

I  lie  blood  vessels  from  the  heart  open  into  large  spaces,  enabling  the 
blood  to  bathe  the  body  cells.  From  these  spaces,  blood  is  collected 
by  other  vessels  and  returned  to  the  heart.  The  details  are  different  in 
various  animals;  but  in  all,  the  circulatory  system  performs  the  func¬ 
tions  of  supplying  the  cells  of  the  body  with  oxygen  and  nutrients,  and 
of  removing  metabolic  wastes. 

The  circulatory  systems  of  all  vertebrates  are  fundamentally  the  same, 
from  fish  and  frogs  through  lizards  to  birds  and  man.  AH  have  hearts 
and  an  aorta,  as  well  as  arteries,  capillaries  and  veins,  organized  on  a 
similar  basic  plan.  Because  of  this  similarity,  students  can  learn  much 

or  frog6  hUman  circulat0ry  system  from  the  dissection  of  a  dogfish 

I  ln  thAm°1U,tl0n  °f  the  higher  vertebrates,  such  as  man,  from  the 
lower  fishhke  forms,  the  principal  change  in  the  circulatory  system  oc¬ 
curred  in  the  heart,  and  is  correlated  with  the  change  in  the  respiratory 
mechanism  from  gills  to  lungs.  The  fish  heart  consists  of  four  chambers 
m  a  row:  sinus  venosus,  auricle,  ventricle,  and  conus  (Fig.  88  A)  Blood 

is  pumnedTh  ‘  ri",ns.!nt0  the  smus  venosus,  while  blood  from  the  conus 
pumped  through  the  ventral  aorta  to  the  mils  where  it  f>L 

oped  down  the  middle  of  the*  anrirL  rg-\.  .'\A  Partition  devel- 

halves.  The  sinus  venosus  shifted  h,’  r"8  *  ,wto.  right  and 

into  the  right  auricle.  A  vein  from  the  ,  nectlon  ?°  lhat  ll  emptied  only 
while  pulmonary  arteries  to  the  lungs ' "greTlut  0^1°  ^  aUride’ 

.1.  «,  — a: 
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monary  veins,  the  left  auricle,  the  ventricle,  the  aorta,  and  then  to  the 
cells  of  the  body.  Of  course,  there  is  some  mixing  of  aerated  and  non- 
aerated  blood  in  the  ventricle,  and  some  blood  from  the  sinus  venosus 
may  get  into  the  aorta  instead  of  the  pulmonary  artery,  while  some  from 
the  left  auricle  may  be  pumped  into  the  pulmonary  artery.  There  is  less 
mixing  than  one  might  suppose,  however.  Blood  from  the  right  auricle 
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Fig.  86.  Diagrams  illustrating  the  evolution  ot  the  heart  in  vertebrates. 

•  i  u  a  nf  ttint  from  the  left  auricle,  and  so  lies  nearei 

mters  the  ventricle  ahead  o  aerated  ^lood  from  the  right 

;he  exit.  As  the  ventricle  con  ra  ’  .  b  hjng  fr0m  the  aorta 

luricle  leaves  first  and  enters  the  aite  aeratedgblood  fr0m  the  left 

—the  pulmonary  arteries  to  the  lungs.  contraction  is  unable 

turicle^  leaves  the  ventricle  *ow«dth^^ f  * blood,  and 
to  enter  the  pulmonary  ar  erl  ,  ,  jj  Because  aerated  and  non- 
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heart  once,  twice  or  even  more  times  for  each  circuit  it  makes  through 
the  body. 

In  the  evolution  of  reptiles  from  their  ancestral  amphibians,  one  par¬ 
tition  developed  down  the  center  of  the  ventricle,  and  one  down  the 
conus  (Fig.  86,  C) .  Since  the-  ventricular  partition  is  incomplete  in  all 
the  reptiles  except  alligators  and  crocodiles,  there  is  still  some  mixing 
of  aerated  and  nonaerated  blood,  although  less  than  in  the  frog.  The 
sinus  venosus  is  small,  foreshadowing  its  disappearance  in  the  mammal¬ 
ian  heart. 

The  hearts  of  birds  and  mammals  (Fig.  86,  D)  show  the  complete 
separation  of  right  and  left  sides.  The  interventricular  partition  also  is 
complete,  precluding  any  mixture  of  blood  from  the  right  and  left 
hearts.  The  conus  has  split  and  become  the  base  of  the  aorta  and 
pulmonary  artery.  The  sinus  venosus  has  disappeared  as  a  separate 
chamber,  although  a  vestige  remains  as  the  sino-auricular  node.  The 
absolute  separation  of  right  and  left  hearts  forces  the  blood  to  pass 
through  the  heart  twice  each  time  it  makes  a  tour  of  the  body.  As  a 
result,  the  blood  in  the  aorta  of  birds  and  mammals  contains  more  oxy¬ 
gen  than  that  in  the  aorta  of  the  lower  vertebrates.  Hence  the  tissues 
of  the  body  receive  more  oxygen,  a  higher  metabolic  rate  can  be  main¬ 
tained,  and  the  warm-blooded  condition  is  possible.  Fish,  frogs  and  rep¬ 
tiles  are  cold-blooded  primarily  because  their  blood  lacks  sufficient 
oxygen  to  permit  the  rapid  burning  of  fuel  necessary  to  maintain  a  high 
body  temperature  in  cold  surroundings. 

12.  Circulation  in  Plants.  The  circulatory  systems  of  higher  plants  are 
simpler  than  those  of  higher  animals,  and  are  constructed  on  an  entirely 
different  plan.  Plants  have  no  heart  or  arteries,  no  veins  or  capillaries, 
transportation  is  accomplished  in  these  forms  by  the  xylem  and  phloem 
systems,  and  a  few  plants  have  an  additional  latex  system  to  assist  in 
circulation  (see  Chap.  6) .  Many  plant  cells  are  near  enough  to  the  sur- 

Z0;1""’  ‘he,r  °wn  and  carbon  dioxide  directly  from  the  atmos¬ 
phere.  The  rest  receive  their  oxygen  from  the  air  spaces  or  canals  that 
penetrate  the  deeper  parts  of  the  plant,  and  the  xvlem  and  phToe^n  tube 
have  httle  or  nothing  to  do  with  the  transportation  of  gas^s.  There  is  a 

with  T  d'V'SK;n  °f  ,abor  ln  that  the  xylem  tubes  are  chiefly  concerned 

s  rf“ 

Of  the  stem  there  are  manv  vessels  per  b nndl.  •  *1  lower  part 

are  fewer  per  bundle,  the  others  having  entered  *th“  braVcheTofThe  ItZ 

questions 

the  vaIvM 

3.  What  reflates  the  heart  beat? 

"  hal  ,ctuaH.v  happens  when  the  heart  “beats?” 
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5.  How  does  the  developing  embryo  obtain  food  and  oxygen? 

6.  Where  in  the  body  does  the  blood  flow  most  slowly?  Why? 

7.  What  is  meant  by  systolic  and  diastolic  pressure? 

8.  What  physiological  changes  occur  during  “shock”? 

9.  What  is  lymph?  How  does  it  differ  from  blood? 

10.  What  are  the  two  ways  (in  man)  by  which  fluids  may  return  to  the  heart? 

11.  Compare  the  manner  in  which  food  and  oxygen  are  carried  about  the  body  in  an 
ameba,  a  hydra,  a  planaria,  a  crab  and  a  frog. 

12.  What  is  the  principle  difference  between  the  circulatory  system  of  a  fish  and  that  of  a 
man? 

13.  Why  is  circulation  in  plants  much  simpler  than  in  animals? 

14.  Trace  the  path  of  a  red  blood  cell  from  a  vein  in  the  leg  to  the  kidney. 

15.  Trace  the  path  of  a  molecule  of  sugar  from  the  capillaries  of  the  intestine  to  a  brain 
cell  where  it  is  burned,  and  then  trace  the  path  of  the  carbon  dioxide  formed  by  this  com¬ 
bustion,  until  it  is  finally  excreted  by  the  lungs. 
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CHAPTER  10 


THE  RESPIRATORY  SYSTEM 


FROM  the  most  highly  organized  and  complex  animals,  such  as  cats 
or  chimpanzees,  to  the  simplest,  one-celled  animals  and  plants,  such 
as  paramecia  or  algae,  all  the  amazing  functions  peculiar  to  living  mat¬ 
ter— the  ability  to  think,  to  work,  to  grow,  to  reproduce,  to  move  even 
so  much  as  a  fraction  of  an  inch — depend  upon  one  of  the  components 
of  the  air:  oxygen.  This  is  so  because  the  energy  to  perform  these  acts 
conies  to  the  organism  locked  up  in  food,  and  must  be  “released”  or 
changed  from  the  potential  form  into  the  usable,  kinetic  form.  Oxygen 
is  the  element  which  brings  this  change  about.  Seventy-nine  per  cent 
of  air  is  nitrogen,  but  this  gas  is  completely  inert  and  plays  no  part  in 
the  chemical  reaction  of  the  cells. 

Ultimately,  all  energy  in  the  world  conies  from  the  sun  as  radiant 
energy,  and  we  have  seen  how,  by  using  this,  the  green  pigment  of 
plants,  chlorophyll,  catalyzes  the  manufacture  of  sugar  (glucose)  from 
carbon  dioxide  and  water.  1  he  glucose  may  then  be  changed  into  various 
substances— proteins,  fats  and  other  carbohydrates — which  animals  use 
for  food.  Such  foods  are  finally  changed  back  into  glucose,  and  are  then 
ready  to  be  acted  upon  by  oxygen. 

When  the  oxygen  from  the  environment  comes  in  contact  with  this 
glucose,  a  basic  chemical  reaction  occurs:  the  oxygen  molecules  com- 
bine  with  the  glucose  molecules  to  form  two  different  substances  water 
and  carbon  dioxide.  Jn  so  doing,  the  energy  which  previously  was  used 
to  hold  the  glucose  molecules  together  is  freed  (since  the' glucose  as 
such  passes  out  of  existence)  and  is  used  by  the  body  to  do  work  * 

1.  Direct  Respiration.  Animal  cells,  then,  need  a  constant  supply  of 
oxygen  to  carry  on  metabolism.  The  cells  of  the  body  die  quickly  if 
depnved  of  this  element;  certain  brain  cells  are  damaged  beyond  repair 
f  their  supply  is  cut  off  for  only  three  or  four  minutes.  But  it  is  just  as 

rem3y  Th  C”b°!  dTde  prod"Ced  in  series  of  changes  b 

Tff  TeeVhrby  animal  and  P'ant  “»«  take  in  oxygen 
ana  give  oft  carbon  dioxide  is  called  rocnirr,*;^  Tt  •  r  •  ,  .  g  n 

is  needed.  On  this  level  it  is  Jr  *  peci.al  resP,ratory  system 

of  the  organism  exchange  oxygen  and^ra  ,resp'r.atlon'  because  the  cells 
surrounding  environment.  ‘  ‘  ^  3°n  dl0xlde  directly  with  the 

•ct^#So^^JmHoIev^cdl«CSdl!  ShortMnd’  ®*  .*?  follows:  CeH1206+602-^ 

set  free  if  a  molecule  of  ulucose  were  oxidized  'di  al''  '  ,0  Ullllze  l|ie  large  amount  of  energy 
controlled  reactions  breaks  down  the  sluco'J  mll^urtuio^  1  °°,nplic'ate<i  series  of  enzyme 
stances  and  releases  the  energy  in  small  batches,  in  "  formtheceR  caT^'  »>•>- 
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2.  Indirect  Respiration.  As  animals  evolved  into  higher,  more  complex 
forms,  it  became  impossible  for  each  cell  of  their  bodies  to  exchange 
gases  directly  with  the  external  environment.  Some  form  of  indirect 
respiration  involving  a  structure  of  the  body  specialized  for  respiration 
was  necessary.  This  specialized  structure  had  to  be  thin-walled  (the 
membrane  of  the  wall  must  be  semipermeable) ,  so  that  diffusion  could 
occur  easily;  it  had  to  be  kept  moist,  so  that  oxygen  and  carbon  dioxide 
had  water  to  be  dissolved  in;  and  it  needed  a  good  blood  supply.  For 
indirect  respiration,  fishes,  crabs,  lobsters  and  many  other  animals  de¬ 
veloped  gills;  the  higher  vertebrates,  reptiles,  birds  and  mammals  de¬ 
veloped  lungs;  the  earthworm  uses  its  moist  skin;  and  insects  use  tra¬ 
cheal  tubes,  canals  running  all  through  the  body,  connected  by  pores 
with  the  external  environment. 

In  indirect  respiration  two  phases,  an  external  and  an  internal  one, 
are  involved  in  the  exchange  of  gases  between  the  body  cells  and  the 
environment.  External  respiration  consists  in  the  exchange  of  gases  by 
diffusion  between  the  external  environment  and  the  blood  stream,  by 
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Fie.  87.  Diagram  illustrating  the  exchanger,  of  gases  which  occur  m  external  and  internal 

respiration. 

means  of  the  specialized  respiratory  organ-for  example,  the  lung  in 
mammals  Internal  respiration  consists  in  the  exchange  of  gases  bettvet 
“  od  stream  and  the  cells  of  the  body  (Fig.  87  .  Between  these 
phases  the  gases  are  transported  by  the  circulatory  ^m. 

3.  structure  of  of  the'  lu^s 

mrd  ihe"by  whth ah Sresttem.  The  anatomy  of  this  system 
and  the  tunes  y  „  ^  oxygen  molecules  enter- 

may  be  understood  by  tra  ng  he  ^  ^  nos. 

mg  the  body  (Fig.  88)  Air  enter  >  >•  S  ,  cavity  dorsal  to  the 
trils,  which  open  into  it  ipiiis  cavity  contains  the  sense 

month  cavity  and  ventra  to  ^bramjhis^^y  ^ 

organ  of  smell,  and  g  through.  (When  the  capillaries  in 

cleans  and  warms  the  air  as  P  oversecretion  of  mucus,  the 

this  chamber  dilate  excessively,  cai  ^  symptoms  of  a  cold.)  The 

nose  becomes  stopped  I*  g  which  connect  with  the  pharynx, 

air  continues  on  via  *he  ‘  1  digestive  and  respiratory  systems 

J".  ftfiS  tU*  Tilt  5T,iS 
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membranes  lining  them,  a  flap  of  tissue,  the  epiglottis,  folds  over  the 
opening  of  the  larynx  whenever  food  is  swallowed.  Fortunately,  this  is 
done  automatically  so  that  we  do  not  have  to  remember  to  close  the 
epiglottis  each  time  we  swallow;  but  sometimes  the  automatic  mech¬ 
anism  does  fail  and  food  goes  down  the  “wrong  throat.” 


coital^ 

of  air  in  the  trachea  Is  Ls  h‘  T  n"™®  lnsPiratiO'>  the  pressure 
Ca*;,a~  ™gs  the  trachea  wfuWcoU^e”16'  th* 

l 16  el  °f  the  first  rib  the  tracl-a  branches  into  two  cartilaginous 
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bronchi,  one  going  to  each  lung.  Inside  the  lung,  each  bronchus  branches 
into  bronchioles,  which  in  turn  branch  repeatedly  into  smaller  and 
smaller  tubes  leading  to  the  ultimate  cavities,  the  air  sacs.  In  the  walls 
of  the  smaller  vessels  and  the  air  sacs  are  minute,  cup-shaped  cavities, 
known  as  alveoli,  just  outside  of  which  are  thick  networks  of  blood  capil¬ 
laries.  The  walls  of  the  alveoli  are  thin  and  moist,  enabling  gas  molecules 
to  pass  easily  through  them  into  the  capillaries.  The  total  alveolar  sur¬ 
face,  across  which  gases  may  diffuse,  has  been  estimated  to  be  greater 
than  1000  square  feet — more  than  fifty  times  the  area  of  the  skin. 


r 


,\n 


PA 


P.A 


Fig.  89.  Diagram  of  a  small  portkm  <rf  ajung, 

A.S.,  air  sacs;  P.A.,  pulmonary  ah  .  d  blood  cells  in  the  capillaries  sur- 


The  trachea  or  bronchus, 

of  an  inner  layer  of  epithelium  and  sm00th  muscle 

a  middle  layer  containing  the  cartilagmo  g  fibers 

fibers.  (In  a  the'  parage,  thus  making 

contract  abnorma  d  epitheijum  secretes  mucus  and  con- 

breathing  difficult.)  The i  l»  !  ^  eonstant,y  in  one  direction  so 
tains  ciliated  cells.  H  on  the  moist  surface,  they 

that  when  solid  particles,  sue  >  beating  of  the  cilia  back 

are  trapped  in  the  mucus  againft  inhaled  bacteria. 

up  to  the  pharynx  ,  b ranches  of  the  respiratory  passages  be- 

As  the  bronchioles  and  sub  b  ‘  ,  cartjiage  layer  disappears, 

come  smaller,  the  walls  become  thinner,  h  epithelium.  The 

and  the  ciliated  cells  are  replaced  ££  0f  these  flat  epithelial 

walls  of  the  alveoli  are  composed  ol  just  one  mj 
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cells  and  in  some  regions  even  these  may  be  lacking,  so  that  the  air  m 
the  alveoli  is  in  direct  contact  with  the  capillaries  (Fig.  89) .  In  between 
the  alveoli  and  holding  them  in  place  are  strands  of  elastic  connective 
tissue,  which  make  the  lung  pliable.  Lungs  are  so  elastic  that  when 
they  are  freshly  removed  from  an  animal  they  may  be  blown  up  li  e 
a  balloon  through  the  trachea.  When  the  pressure  is  released,  the  elas¬ 
ticity  of  the  stretched  lung  deflates  it  and  expels  the  air  that  has  been 
blown  in.  The  lung  is  supplied  both  with  motor  nerves,  which  go  to  the 
smooth  muscles  in  the  bronchi  and  bronchioles,  and  with  sensory  nerves 
which  ramify  throughout  it.  Each  lung,  as  well  as  the  cavity  of  the 
chest  in  which  the  lung  rests,  is  covered  by  a  thin  sheet  of  smooth 
epithelium  called  the  pleura.  These  are  both  kept  moist,  enabling  the  lung 
to  move  in  the  chest  cavity  during  breathing  without  undue  friction. 


TRACHEA 


CHEST 
WALL 


POSITION  OF  DIAPHRAGM  I 

IN  INSPIRATION 
IN  EXPIRATION 

A 


Fig.  90.  A,  Contraction  of  the  diaphragm  in  inspiration  causes  the  diaphragm  to  descend 
(indicated  by  white  arrows) .  Ihe  resulting  increase  in  chest  volume  is  indicated  in  black.  A 
corresponding  volume  of  air  is  drawn  into  the  lungs.  B,  Diagram  of  the  movements  of  the 
r.bs  in  breathing.  The  elevation  of  the  front  ends  of  the  ribs  (by  the  chest  muscles)  causes 
an  increase  in  the  front  to  back  dimension  of  the  chest,  a  corresponding  increase  in  the  chest 
volume  and  the  intake  of  an  equal  amount  of  air.  (Carlson  and  Johnson:  The  Machinery 
ol  the  iiody,  3rd  ed,  published  by  University  of  Chicago  Press.) 

The  pressure  in  the  pleural  cavity  (that  between  the  two  sheets  of 
pleura)  ,s  generally  less  than  that  of  the  outside  atmosphere,  because 
the  dasticty  of  the  lungs  tends  to  make  them  pull  away  from  the  chest 

,  ’  f,Ul"K  a  partial  vacuum  in  the  pleural  cavity.  When  these 
pleural  linings  become  inflamed,  they  secrete  a  fluid  which  accumulates 

as  luZ  It t  lorn"  tthC  ‘Ung  8nd  tHe  Ches*  condition  kno™ 

as  pleurisy.  It  is  sometimes  necessary  in  cases  of  severe  tuberculosis  to 

collapse  one  lung  and  give  the  infected  tissues  a  chance  to  rest  This  is 

*  isars  "Stj  Sts*  rrirft  *“,h  ;1' t 

top  and  sides  bV  the  chest  vv.ll  *  •  ,y:  It  is  bounded  on  the 
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4.  The  Mechanics  of  Breathing.  It  is  necessary  to  keep  clear  the  dis¬ 
tinction  between  respiration — the  exchange  of  gases  between  a  cell  and 
its  environment  (which  in  man  consists  of  the  three  phases  of  external 
respiration,  transportation  by  the  blood  stream,  and  internal  respira¬ 
tion) — and  breathing,  which  is  simply  the  mechanical  process  of  taking 
air  into  the  lungs  (inspiration) ,  and  letting  it  out  again  (expiration) . 
Since  the  lung  capillaries  are  constantly  removing  oxygen  from  and  put¬ 
ting  carbon  dioxide  into  the  air  in  the  alveoli,  the  need  for  replacing  the 
air  in  the  lungs  is  obvious.  In  man  the  breathing  cycle  of  inspiration 
followed  by  expiration  is  repeated  about  fifteen  to  eighteen  times  a 
minute. 

In  human  beings  and  other  mammals  the  ribs,  chest  muscles  and 
diaphragm  are  so  constructed  and  arranged  as  to  be  easily  movable, 
enabling  the  volume  of  the  chest  cavity  to  be  increased  or  decreased  at 
will.  When  it  is  necessary  to  increase  it,  during  inspiration,  the  rib 
muscles  contract,  drawing  the  front  ends  of  the  ribs  upward  and  out¬ 
ward,  an  action  made  possible  by  the  hingelike  connection  of  the  ribs 
with  the  backbone  (Fig.  90)  .  At  the  same  time  the  floor  of  the  chest 
cavity,  the  diaphragm,  contracts,  decreasing  its  convexity  and  conse¬ 
quently  enlarging  the  cavity.  Because  the  space  is  closed,  this  increase 
in  volume  results  in  a  lowering  of  the  pressure  in  the  lungs,  and  when 
it  falls  below  atmospheric  pressure,  air  from  the  outside  rushes  in 
through  the  trachea  and  its  branches  to  the  air  sacs  and  alveoli. 

That  air  is  expelled  from  the  lungs  in  expiration  is  due  primarily  to 
the  elasticity  of  the  lungs,  but  to  some  extent  to  the  weight  of  the  chest 
wall.  During  inspiration  the  lungs  are  distended  as  they  are  filled  with 
air.  When  the  rib  muscles  relax,  the  ribs  are  permitted  to  return  to  t  eir 
original  position,  and  the  simultaneous  relaxation  of  the  diaphragm  per¬ 
mits  the  abdominal  organs  to  push  it  back  up  to  its  previous  convex 
shape  These  factors  decrease  the  chest  volume  and  allow  the 
tended,  elastic  lungs  to  contract  and  expel  the  air  which  had  been 

firing  muscular  exercise  this  passive  expiration  of  the  relaxing  rib 
and  diaphragm  muscles  is  not  rapid  enough  to  expel  the  air  before  th 
next  inspiration  must  start,  so  that  the  size  of  the  chest  cavity  '5 
duced  bv  muscular  contraction.  Besides  the  muscles  which  raise  the  • 
for  inspiration  there  is  another  set,  with  fibers  going  at  right  angles  to 
Pe  first  tikh  lowers  the  front  ends  of  the  ribs  and  thus  decreases  the 
thoracic’  volume.  The  muscles  of  the  abdominal  wall  also  contract, 

the  lungs.  ,  ,«  •  n!,ccnffpi!  r>la.v  uo  active,  muscular 

The  trachea,  pharynx  and  other  air  pas.  ag  .  p  . 
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part  in  the  process  of  breathing;  they  function  simply  as  conduction 
channels.  In  certain  cases  of  obstruction  of  the  throat  it  is  necessary  to 
make  an  artificial  opening  in  the  neck  to  carry  the  air  to  the  trachea; 

the  breathing  movements  then  occur  normally. 

Air  pressure  within  the  lungs  changes  with  each  breathing  movement. 
In  between  breaths  the  pressure  in  the  lungs  is  the  same  as  atmospheric 
pressure,  since  there  is  free  communication  between  the  outside  air  and 
that  of  the  interior.  As  inspiration  starts,  there  is  a  slight  decrease  in 
the  air  pressure  within  the  lungs  to  1  or  2  mm.  of  mercury  below  atmos¬ 
pheric.  This  drop  in  pressure  causes  the  air  to  enter  the  lungs.  Toward 
the  end  of  inspiration  the  newly  entered  air  has  equalized  the  pressure. 
As  expiration  begins,  the  elasticity  of  the  lungs  compresses  the  air  within 
the  lung  cavities  until  the  pressure  rises  to  2  or  3  mm.  of  mercury 
above  atmospheric;  consequently,  air  passes  out  of  the  lungs.  Of  course, 
by  the  end  of  expiration,  pressure  within  the  lungs  is  back  to  atmos¬ 
pheric  pressure. 

5.  The  Quantity  of  Air  Respired.  A  man  at  rest  breathes  in  and  out 

only  about  500  cc.  (approximately  a  pint)  of  air  with  each  breath.  When 
these  500  cc.  have  been  expelled,  however,  another  1.5  liters  or  so  can 
be  expelled  by  contracting  the  abdominal  muscles.  After  this  there  still 
remains  about  1  liter  of  air  which  cannot  be  expelled.  During  normal 
breathing,  therefore,  a  reserve  of  some  2.5  liters  of  air  remains  in  the 
lungs,  with  which  the  500  cc.  are  mixed.  After  a  normal  inspiration  of 
0.5  liter,  it  is  possible,  by  inspiring  deeply,  to  take  in  about  1.5  liters 
more,  and  during  exercise  one  can  increase  the  amount  of  air  inspired 
and  expired  with  each  breath,  from  0.5  liter  to  3.5  liters.  But  even  in 
strenuous  exercise  the  full  sevenfold  increase  is  seldom  used;  instead, 
an  increased  rate  of  breathing  occurs.  If  one  breathes  in  as  deeply  as 
possible  and  then  breathes  out  as  completely  as  possible  into  some  de¬ 
vice  for  measuring  air  volume,  he  will  expel  about  3500  cc.  of  air.  This 
total,  known  as  the  vital  capacity,  is  usually  large  in  trained  athletes- 

in  certain  heart  and  lung  diseases  it  may  be  reduced  considerably  be¬ 
low  normal. 


If  any  air  at  all  has  been  drawn  into  the  lungs,  enough  will  remain 
o  cause  then,  to  float  if,  at  death,  they  are  removed  from  the  body. 

when  placedTntat;rneVer  6  draWn  *  breath’  haS  1,ln*S  which  sink 

Although  about  500  cc.  of  air  are  breathed  in  with  each  insoiration 
only  some  350  cc.  actually  reach  the  alveoli,  because  the  last  150  cc’ 
inhaled  remain  in  the  larger  air  passages,  where  no  exchange  of gases  be' 

lungs  to  mix  with  the  ,y2  lite.  alLdy  there  The  ^Tcc*  of?™  ^ 

(bylbreathln^through^long  tub^  ^  ^  f®"*  SpaCC  is  increas^ 
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6.  Composition  of  Alveolar  Air.  Because  the  lungs  are  not  completely 
emptied  and  filled  with  each  breath,  alveolar  air  has  a  slightly  different 
composition  from  atmospheric  air  (Table  5) :  it  contains  less  oxygen 
and  more  carbon  dioxide.  A  sample  of  essentially  alveolar  air  can  be 
collected  at  the  end  of  a  maximum  expiration.  Expired  air  has  had  less 
than  one  quarter  of  its  oxygen  removed  and  can  be  breathed  over  again. 

A  poorly  ventilated  room  feels  “stuffy,”  not  because  of  a  low  oxygen 
content  or  high  carbon  dioxide  content,  but  because  of  the  increased 
water  vapor  content  and  high  temperature  of  air  that  is  breathed 
over  and  over. 

7.  Exchange  of  Gases  in  the  Lungs.  Oxygen  passes  from  the  alveoli 
to  the  pulmonary  capillaries,  and  carbon  dioxide  passes  in  the  reverse 
direction,  simply  by  the  physical  process  of  diffusion:  each  gas  passes 
from  a  region  of  higher  concentration  to  one  of  lower  concentration. 


Table  5.  Percentage  Composition  of  Atmospheric  and  Alveolar  Air 

Atmospheric  Alveolar 

Air  Air 

Nitrogen  .  790 

Oxygen  .  20.96  • 

Carbon  dioxide  . * .  004  ‘  .  , 

Water  vapor . Variable  Almost  saturated 

The  extremely  thin  alveolar  epithelium  offers  little  resistance  to  the 
passage  of  the  gases,  and  since  there  is  normally  a  greater  concentration 
of  oxvgen  in  the  lung  alveoli  than  in  the  blood  arriving  in  the  lungs  by 
tL  pulmonary  artery,  oxygen  diffuses  from  the  a'veol,  mto  the  capub 
laries  Similarly,  the  concentration  of  carbon  dioxide  in  the  bloot 
nulmonary  artery  is  normally  higher  than  in  the  lung  alveoli  so  tin 
carbon  dioxide  diffuses  from  the  lung  capillaries  into  the  alveoli,  n 

^Because  the  cells  of  the  alveoli 

certain^value,  TZfofL  sing  through  the  lungs  J-t  « 

enough  to  meet  the  sickness  be- 

ness— nausea,  headache  or  ev£n  lower  with  some  persons, 

gms  to  occur  at  about  15,  f  t  high  altitudes  by  increasing 

People  can  become  acclimated  to  n  g  ■  can  live  much  above 

the  number  of  red  cells  in  the  bloo  ,  n  At  about  35,000 

15,000  feet  without  a  supply  o  o  &  man  breathes  pure  oxygen 

feet  the  pressure  is  so  low  that  e  reason  airplanes  flying 

he  cannot  get  enough  to  supply  his  *°I  must  be  provided  to 

at  that  height  must  be  made  a.  tight  and  pumps  m  V 

maintain  the  air  pressure  equal  to  that  at 

T,  tlm  "capillaries  of  the  tissues  all  over  the  body,  where  interna,  res- 
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and  utilization  of  oxygen.  Consequently,  the  concer.trat.on  ol :  oxygen  18 
always  lower,  and  the  concentration  of  carbon  dioxide  is  always  lugl  c  , 

in  the  cells  than  in  the  capillaries.  . 

Throughout  the  system,  from  lungs  to  blood  to  tissues,  oxygen  moves 
from  a  region  of  high  concentration  to  one  of  lower  concentration,  anc 
is  finally  used  in  the  cells;  carbon  dioxide  moves  from  the  cells,  w  ere 
it  is  produced,  through  the  blood  to  the  lungs  and  out,  always  towards 
a  region  of  lower  concentration. 

8.  Transportation  of  Oxygen  by  the  Blood.  At  rest,  the  cells  ot  a 
man’s  body  need  about  300  liters  of  oxygen  every  twenty-four  hours, 
or  250  cc.  per  minute.  With  exercise  or  work  this  requirement  may  in¬ 
crease  to  as  much  as  ten  or  fifteen  times  that  amount.  If  oxygen  were 
delivered  to  the  tissues  simply  dissolved  in  plasma,  blood  would  have 
to  circulate  through  the  body  at  a  rate  of  180  liters  per  minute  to  supply 
enough  oxygen  to  the  cells  at  rest — for  oxygen  is  not  very  soluble  in 
plasma.  Actually,  when  a  man  is  resting,  blood  circulates  at  about  5 
liters  per  minute  and  supplies  all  the  oxygen  the  cells  need.  The  differ¬ 
ence  between  180  and  5  liters  per  minute  is  due  to  the  action  of 
hemoglobin. 

Hemoglobin  is  the  pigment  in  red  blood  cells  which  carries  the  burden 
of  transporting  nearly  all  the  oxygen  and  most  of  the  carbon  dioxide. 
The  importance  of  its  role  can  be  inferred  from  the  fact  that  only  about 
0.2  cc.  of  oxygen  and  0.3  cc.  of  carbon  dioxide  will  dissolve  in  100  cc. 
of  blood  plasma,  yet  100  cc.  of  whole  blood  can  carry  about  20  cc.  of 
oxygen  and  30  to  60  cc.  of  carbon  dioxide. 

Approximately  2  per  cent  of  the  oxygen  in  the  blood  is  dissolved  in 
the  plasma;  the  rest  is  carried  in  combination  with  the  hemoglobin. 
After  oxygen  enters  the  capillaries  in  the  lungs,  it  diffuses  into  the  red 
cells  from  the  plasma  and  unites  with  hemoglobin — that  is,  one  molecule 
of  oxygen  unites  with  one  molecule  of  hemoglobin  to  form  a  molecule 
of  oxyhemoglobin: 


Hb  +  02 
Hemoglobin 


t  HbO., 
Oxyhemoglobin 


The  arrows  indicate  that  the  reaction  is  reversible:  it  can  go  in  either 
direction,  depending  on  local  conditions.  Hemoglobin  would,  of  course 
be  of  little  value  to  the  body  if  it  could  only  take  up  oxygen  and  not 
give  it  oft  where  needed.  The  reaction  goes  to  the  right  in  the  lungs 
forming  oxyhemoglobin,  and  to  the  left  in  the  tissues,  releasing  oxygen’ 

fVet  L!rnCVn  Co1^  between  arterial  and  venous  blood  is  due  to  the 
purple  oxyhem°globin  18  a  bright  scarlet,  whereas  hemoglobin  is 

The  combination  of  oxygen  with  hemoglobin  and  the  breakdown  of 
oxyhemoglobin  are  controlled  by  two  factors:  primarUy  the  amoun 

P  esXenfninPrtTeni  1°  3  'eSSer  eXte"1'  the  of  carbon  dZid 

present.  In  the  lungs  the  concentration  of  oxygen  is  relatively  high 
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and  oxyhemoglobin  is  formed.  After  leaving  the  lungs  the  blood  passes 
through  the  heart  and  arteries,  where  there  is  little  change  in  the  oxygen 
concentration,  to  the  tissues,  where  the  oxyhemoglobin  is  exposed  to 
an  environment  with  little  oxygen.  It  consequently  breaks  down,  releas¬ 
ing  the  oxygen  to  diffuse  to  the  tissue  cells.  The  role  of  carbon  dioxide 
in  controlling  this  reaction  is  less  evident,  and  since  the  chemical  details 
are  quite  complex,  we  shall  not  consider  it.  The  important  thing  to 
realize  is  that  the  more  carbon  dioxide  the  blood  contains,  the  more 
acid  it  is,  and  that  the  oxygen-carrying  capacity  of  hemoglobin  is  less 
in  an  acid  solution. 

The  factor  which  actually  determines  the  direction  and  rate  of  dif¬ 
fusion  is  the  pressure  or  “tension”  of  the  particular  gas.  In  a  mixture 
of  gases  each  one  exerts,  independently  of  the  others,  the  same  pressure 
it  would  exert  if  it  were  present  alone.  In  the  air  at  sea  level,  where  the 
total  pressure  is  about  760  mm.  of  mercury,  oxygen  exerts  one  fifth,  or  150 
mm.,  of  the  pressure.  The  partial  pressure  or  tension  of  oxygen  in  the 
atmosphere  is,  then,  150  mm.  of  mercury.  Since  the  alveolar  air  has  less 


Fig  91.  Diagram  of  the  tensions,  in  millimeters  of  mercury,  of  oxygen  and  carbon  dioxide 
in  lungs,  vessels  and  tissues,  illustrating  the  diffusion  gradients  responsible  for  the  movements 

of  the  molecules. 


oxygen  than  atmospheric  air.  the  tension  of  oxygen  in  the  alveoli  is 
about  103  mm.  Blood  passes  through  the  lung  capillaries  too  rapi  j 
to  become  completely  equilibrated  with  the  alveolar  air,  so  that  the 
oxygen  tension  in  the  arterial  blood  is  about  100  mm.  (F'S-  Sl^  T  e 
oxygen  tension  in  the  tissues  varies  from  0  to  40  mm.,  ^dh  the  resu 
that  oxygen  diffuses  out  of  the  capillaries  into  the  tissues  Not  all  t 
oxygen  "leaves  the  blood,  however;  blood  passes  through .the 
too  rapidly  for  a  complete  equilibrium  to  be  reached,  and  the  tissues 
usually  have  some  residual  oxygen.  The  venous  blood  -turning  to  the 
lungs  has  an  oxygen  tension  of  about  40  mm.  of  mercury.  At  the  oxygen 

tension  of  arterial  blood  (100  mm.)  each  MO  cc ,c0"‘al™ ^\b°“‘ch  100 
of  oxvsen  At  the  oxygen  tension  of  venous  blood  (40  mm.) ,  each 

cc.°contains  12  cc.  o^  oxygen.  The  difference  of  *«•"£*“**' 
mmint  of  oxvsen  delivered  to  the  tissues  by  each  100  cc.  of  b 
Zsl  1  utefs  of  blood  in  the  body  can  deliver  S50  cc.  of  oxygen  on 

each  circuit.  f  .  Dioxide  by  the  Blood.  The  transportation 

ofUrd7o“o°ses  a  special  problem  to  the  body,  because,  when 
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carbon  diox'ide  dissolves,  it  is  cpuckly  converted  into  carbonic  acid. 

C02  +  1I20  h2co3 
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The  cells  of  the  body  produce,  at  rest,  about  200  cc.  of  carbon  dioxide 
per  minute.  If  this  were  simply  dissolved  in  plasma  (which  can  hold  in 
solution  only  4.3  cc.  of  carbon  dioxide  per  liter) ,  blood  would  have  to 
circulate  at  a  rate  of  47  liters  per  minute  instead  of  4  or  5.  Furthermore, 
this  amount  of  carbon  dioxide  would  give  the  blood  a  pH  of  4.5,  and 
cells  are  able  to  survive  only  within  a  narrow  range  on  the  alkaline  side 
of  neutrality  (between  about  pH  7.2  and  7.6) .  The  fact  that  blood 
can  carry  as  much  carbon  dioxide  as  it  does  and  that  the  difference  in 
pH  between  arterial  and  venous  blood  is  only  a  few  hundredths  of  a 
pH  unit,  is  again  due  largely  to  hemoglobin.  Some  of  the  carbon  dioxide 
is  carried  in  a  loose  chemical  union  with  hemoglobin,  and  a  small  amount 
is  present  as  carbonic  acid,  but  most  of  the  latter  is  converted  into  bi¬ 
carbonates  through  neutralization  of  the  carbonic  acid  by  sodium  or 
potassium  ions  released  when  oxyhemoglobin  is  changed  into  hemo¬ 
globin.  The  chemical  details  of  this  process  are  complicated  and  beyond 
the  scope  of  this  book,  but  it  is  interesting  to  realize  that  in  the  course 
of  evolution,  a  single  chemical,  hemoglobin,  has  been  produced,  with  all 
the  necessary  characteristics  for  assisting  respiration:  the  ability  to 
transport  oxygen,  to  transport  carbon  dioxide,  and  to  keep  the  pH  of 
the  blood  constant  throughout  the  transportation  process. 

Carbon  dioxide  passes  from  tissues  to  blood  to  lungs  because  it  must 
diffuse  from  a  region  of  high  tension  to  one  of  lower  tension  The  carbon 
dioxide  tension  in  the  tissues  is  about  60  mm.  of  mercury;  in  the  venous 
blood,  about  47  mm.,  and  in  the  alveoli,  about  35  mm.  of  mercury. 
Arterial  blood  has  a  carbon  dioxide  tension  of  about  41  mm.  of  mercurv 
so  that  the  blood  contains  a  great  deal  of  carbon  dioxide  after  it  has 
passed  through  the  lungs,  although  each  liter  of  blood  in  passing  from 
the  tissues  to  the  lungs  is  relieved  of  about  50  cc.  of  carbon  dioxide 
1  he  process  of  converting  carbon  dioxide  into  carbonic  acid  in  the 
capillaries  of  the  tissues,  and  of  converting  the  carbonie  nr«iH  l  i  • 
ca.;bo„  dioxide  to  diffuse  out  in  the  lung  t  15  0 

times  by  a  special  enzyme  called  carbonic  anhydrase  P 

When  the  removal  of  carbon  dioxide  by  the  lungs  is  interfered  with 
as  n  pneumonia,  its  concentration  (really  bicarhon»t«  ",  ed  . V,th> 

a 

acid  (it  is  still  on  the  alkaline  side^^^utraS)  bntTh  * 
crease  in  the  alkaline  reserve  nf  1  i  ,  /7.  2/’  but  there  is  a  de- 

alkaline  reserves  are  exhausted  the  hlnnd  (Ch'^y  S°diUm) '  When  the 
alkaline,  but  changes  its  pH,  and  the  cells  of  the  “r6  ,t0  remain 

exposure  to  the  acid  blood  Acidn«i«  nl  1  tlssues  die  because  of 

ever,  the  trouble  is  not  due  to  a  fai  ur^  °CCU"  “  diabetes-  Here.  b°w- 
the  lungs,  but  to  an  overproductiol  by thT thetcarbon  di°xide  in 
an  abnormal  carbohydrate  metabolism.'  SSU6S  °f  aC'ds  because  of 
a  *Sphyxia*  Asphyxia  results  whenever  there  ;c  •  .  • 

a. VMBS  5 
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oxygen  by  the  tissues.  Therefore,  the  cause  of  asphyxia  may  lie  in  the 
lungs,  blood  or  tissues.  In  drowning,  the  lung  alveoli  become  filled  with 
water,  and  in  pneumonia,  they  become  filled  with  tissue  fluid,  bringing 
about  asphyxia  from  lack  of  oxygen.  In  carbon  monoxide  poisoning, 
asphyxia  results  because  the  hemoglobin  of  the  blood  unites  with  carbon 
monoxide  instead  of  oxygen  and  so  is  unavailable  for  transporting 
oxygen  to  the  cells.  In  cyanide  poisoning,  asphyxia  is  caused  by  the 
inactivation  of  one  of  the  enzymes  present  in  each  cell  (cytochrome 
oxidase)  which  is  an  important  link  in  the  chain  of  enzymes  respon¬ 
sible  for  the  utilization  of  oxygen  by  the  tissues.  . 

11.  Artificial  Respiration.  In  cases  of  near-drowning  or  of  electric 
shock  the  respiratory  center  may  be  temporarily  impaired,  causing  the 
breathing  movements  to  cease,  although  the  person  is  still  alive  and  his 
heart  beating.  A  person  in  such  dire  straits  will  soon  die  unless  artincia 
respiration  is  substituted  for  the  breathing  movements  until  they  can 
be  resumed  naturally.  A  number  of  mechanical  devices  called  pul- 
motors  have  been  invented  to  pump  air  into  the  lungs  but  they  are 
seldom  available  when  needed.  The  Schaefer  method  of  artificial  res¬ 
piration,  which  requires  no  apparatus,  is  a  simple  and  effective  pro¬ 
cedure.  Victims  of  drowning  accidents  sometimes  require  an  hour  or 

1 2  °The  Control'  of  Breathing.  Since  the  needs  of  the  body  for  oxygen 
are  different  at  rest  and  at  work,  the  rate  and  depth  of  breathing  must 
change  automatically  to  meet  varying  conditions.  During  exeicise 
oxygen  consumption  by  muscles  and  other  tissues  may  increase  four  or 

fiVBrle™hing  requires  the  coordinated  contraction  of  a  great  many  sep- 
SS, “volleys  of  nervous  1  n g" L 'ihei r-^egulafand Toordina ted  Z 

breathing  movement  are  auto^^^  ^  ^  diaphragm  (the  phrenic 

control.  However  wh  destroyed,  as  in  infantile  paraly- 

nerves)  and  the  rib  muscles  are  cut  or  destwe^  ^  ^  volimtarily 

sis,  breathing  movements  stop  at  O  g  01  ,  hold  our  breath 

change  the  rate  and  dept of  b  eathm^  >  (,0  serious 

.s  *-  *•  *- 

Off  this  ‘volley  of  impulse.  Periodically. JW  center 

it  has  been  determined  that  cut_that  is,  if  the  sensory  nerves 

with  all  other  parts  of  the  are  severed— the  center  sends 

and  those  from  the  higher  >1*111  d  th  breathing  muscles  contract 

out  a  constant  stream  of  if  left  to  its  own  de- 

and  stay  that  way.  L  « traction  of  the  breathing  muscles.  If  either 
vices,  causes  a  coinp  from  the  higher  centers  of  the  brain 

iXSact  however,  the  breathing  movements  continue  in  normal 


185 


The  Respiratory  System 

fashion.  This  means  that  for  normal  breathing  to  occur,  the  respiratory 
center  must  be  inhibited  periodically,  so  that  it  stops  sending  out  im¬ 
pulses  which  cause  contraction  of  the  muscles.  In  this  way  the  normal 
alternation  of  inspiration  and  expiration  occurs.  At  the  height  ot  an  in¬ 
spiration  the  walls  of  the  lungs  are  stretched.  This  stimulates  pressure- 
sensitive  nerve  cells  there,  which  send  impulses  to  the  brain  inhibiting 
the  respiratory  center  and  bringing  about  the  following  expiration. 

Many  other  nervous  pathways,  connected  with  the  respiratory  center, 
either  stimulate  or  inhibit  it.  Severe  pain  in  any  part  of  the  body  causes 
a  reflex  acceleration  of  breathing.  Also,  both  the  larynx  and  the  pharynx 
have  receptors  in  their  linings  which,  when  stimulated,  send  impulses 
to  the  respiratory  center  to  inhibit  breathing.  These  are  valuable  pro¬ 
tective  devices.  When  an  irritating  gas,  such  as  ammonia  or  acid  fumes, 
passes  down  the  respiratory  tract,  it  stimulates  the  receptors  in  the 
larynx,  which,  by  sending  impulses  to  the  respiratory  center  to  inhibit 
breathing,  bring  about  an  involuntary  “catching  of  the  breath.  This 
prevents  the  harmful  substance  from  entering  the  lungs.  Similarly,  when 
food  accidentally  passes  into  the  larynx,  it  stimulates  receptors  in  the 
lining  of  that  organ  to  send  inhibitory  impulses  to  the  respiratory  cen¬ 
ter.  This  momentarily  stops  breathing  so  that  the  food  does  not  enter 
the  lungs,  where  the  lining  epithelium  is  exceedingly  delicate  and  vulner¬ 
able  to  serious  damage  by  foreign  substances.  It  is  impossible,  because 
of  this  protective  device,  absentmindedly  to  take  a  breath  and  swallow 
at  the  same  time.  Thus  the  respiratory  center  and  its  associated  nerves 
provide  a  device  for  keeping  the  rate  of  breathing  constant. 

During  exercise  the  rate  and  depth  of  breathing  must  increase,  and 
a  special  adjustment  of  the  rate  of  breathing  to  the  momentary  needs 
of  the  body  for  oxygen  is  necessary.  If  the  rate  of  breathing  is  not  fast 
enough,  carbon  dioxide  accumulates  in  the  alveoli  until  there  is  no  longer 
a  lower  concentration  of  carbon  dioxide  in  the  lungs  than  in  the  blood. 
Thus,  its  diffusion  from  blood  to  alveoli  ceases,  and  its  concentration 
in  the  blood  increases  correspondingly.  The  respiratory  center  of  the 
brain  is  especially  sensitive  to  changes  in  the  concentration  of  carbon 
dioxide  in  the  blood.  Increases  in  concentration  there — for  example, 
during  muscular  exercise— stimulate  it  to  send  out  impulses  to  the 
muscles  of  breathing,  increasing  the  rate  and  depth  of  breathing  until 
the  carbon  dioxide  content  of  the  lungs  and  blood  is  brought  back  to 
normal,  so  that  the  respiratory  center  is  no  longer  stimulated.  Small 
c  anges  in  the  concentration  of  carbon  dioxide  (as  little  as  0.2  per  cent') 
can  double  the  breathing  rate. 

This  mechanism  also  works  in  reverse.  If  a  person  voluntarily  takes 
a  senes  of  deep  inhalations  and  exhalations,  he  reduces  the  carbon 
dioxide  content  of  his  alveolar  air  and  blood  to  such  a  degree  that  when 

bon  dfS  d,TPl?’  a11  breathinS  movements  cease  until  the  car- 

boxide  m  the  blood  again  builds  up  to  normal.  The  first  breath 

:  t:"eLbh°rn  t'd  fS  ™tiated  lar«eIy  V  this  mechanism  Immedirte  v 
con^t  of  L' W  '•  "d  Separated  from  the  Pl«*nt*.  the  carbon  dioxide 

S"m"!i,tinKS  thC  reSpirat°r'V  *-d 

breath.  Sometimes  when  '-'r  m"s,cles  to  contract  in  the  first 

metimes,  when  a  newborn  infant  has  difficulty  in  taking  its 
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first  breath,  air  containing  10  per  cent  carbon  dioxide  is  blown  into  its 
lungs,  to  set  off  this  mechanism. 

Experiments  have  shown  that  an  increase  in  the  carbon  dioxide  con¬ 
tent,  rather  than  a  decrease  in  the  oxygen  content,  of  the  blood  is  pri¬ 
marily  effective  in  stimulating  the  respiratory  center.  If  a  man  is  placed 
in  a  small,  air-tight  chamber  so  that  he  breathes  and  rebreathes  the 
same  air,  the  oxygen  in  the  air  gradually  decreases.  If  a  chemical  is 
placed  in  the  chamber  to  absorb  the  carbon  dioxide  as  fast  as  it  is  given 
off,  so  that  it  does  not  increase  in  the  lungs  and  blood,  the  man’s  breath¬ 
ing  accelerates  only  slightly,  even  if  the  experiment  is  continued  until 
the  oxygen  content  is  greatly  reduced.  If,  however,  the  carbon  dioxide 
is  not  absorbed,  but  is  allowed  to  accumulate,  the  breathing  will  be 
greatly  accelerated,  causing  discomfort  and  a  choking  sensation  in  the 
subject.  When  he  is  supplied  with  air  containing  the  normal  amount  of 
oxygen,  but  with  an  increased  carbon  dioxide  content,  there  is  again  an 
acceleration  of  breathing.  Obviously,  it  is  primarily  the  accumulation  of 
carbon  dioxide,  not  an  oxygen  deficiency,  which  stimulates  the  respira¬ 
tory  center. 

As  additional  protection  against  the  failure  of  the  body  to  respond 
properly  to  changes  in  the  carbon  dioxide  and  oxygen  content  of  the 
blood,  still  another  control  has  evolved.  At  the  base  of  each  internal 
carotid  artery  is  a  small  swelling,  called  a  carotid  sinus  containing  re¬ 
ceptors  sensitive  to  changes  in  the  chemicals  of  the  blood.  If  the  carbon 
dioxide  increases,  or  the  oxygen  decreases,  these  receptors  are  stimu¬ 
lated  to  send  nerve  impulses  to  the  respiratory  center  in  the  medulla. 

increasing  its  activity.  ... 

13  The  Effects  of  Training.  The  exercises  and  practice  which  an  at  h 

lete  performs  in  training  increase  his  ability  to  do  a  certain  task.  First 
the  muscles  increase  in  size  with  use  and  become  stronger  (owing  to 
erowth  in  the  individual  muscle  fibers,  not  to  an  increase  in  the  number 
of  fibers)  .  Second,  as  one  performs  a  certain  act  repeat*  y ,  e  earn^ 

coordinate  muscles  and  to  contract  each  one  pis  en  g  Third 

to  produce  the  desired  result,  with  consequent  savings  in  ene^‘ ' 
changes  occur  in  the  circulatory  and  respiratory  systems.  The  heart 

l’n  ad“L  »thUUbLith=  f^-irthe^nt'of  air 
S^r^rle^ofhis  —mg  rajher  than  by  step¬ 
ping  up  the  rate.  This  is  the  more  efficient  way  of  do  g  . 

14.  The  Evolution  of  the  Human  lungs.  The  lungs  oMim  ^ 

mammals  have  had  a  long  evolutionary  history.  ,  fosfil  fish 

of  a  lung  is  found  in  certain  types  of  fish  Some  ancestr^,  ^  ^ 

developed  an  outgrowth  of  the  anterior ®n  .  ,  theland  vertebrates. 

in  the  line  of  fishes  that  eventually  gave ^nse  to  theta  ^  ^  ^ 

this  outgrowth  became  a  lung.  In  othe  though  it  may 

der — that  is,  an  appendage  ^mhUdder  is  usually 

function  as  a  respiratory  orga  (  8-  t  variation  in  size  and 

single,  although  it  may  be  paired  and  exhibit  great 
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shape.  In  some  fish  it  has  lost  its  connection  with  the  digestive  tract. 
The  cells  at  the  anterior  end  of  the  swim  bladder  have  the  ability,  found 
nowhere  else  in  the  animal  kingdom,  to  secrete  oxygen  from  the  blood 
into  the  internal  cavity.  Another  set  of  cells  at  the  posterior  end  remove 
oxygen  from  it  for  return  to  the  blood  stream.  By  thus  ‘  pumping 


depth" in"  the"  ^evemf  fit  ^evt 

ear  and'  asTdeth  gauge""  *“*  °rga"  WitH  internal 

*  as-s 
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the  lungfish,  a  few  of  which  have  survived  to  the  present  time  in  the  head¬ 
waters  of  the  Nile  and  the  Amazon,  and  in  certain  Australian  rivers. 
These  animals  live  in  streams  that  dry  up  periodically,  and  during  the 
dry  seasons  they  remain  in  the  mud  of  the  stream  bed,  breathing  by 
means  of  their  swim  bladders.  They  are  also  equipped  with  gills,  by 
means  of  which  they  breathe  when  swimming.  The  swim  bladders  of 
these  fish  are  simple  sacs,  single  in  some  forms,  paired  in  others.  In  con¬ 
trast  to  those  of  other  fish,  they  are  equipped  with  a  pulmonary  artery. 
The  lungs  of  the  most  primitive  amphibians,  the  mud  puppies,  are  two 
long  simple  sacs,  covered  on  the  outside  by  capillaries.  Frogs  and  toads 
have  folds  on  the  inside  of  the  lung  sac  which  increase  the  available 


Fig.  93.  Respiratory  devices  in  certain  animals. 


(Hunter  and  Hunter: 


College  Zoology.) 


(  /'Fin-  <)2)  Since  frogs  have  no  diaphragm  or  rib 

KlVAv ™.r  "7- nri: 

cavity  and  forcing  the  air  back  into  the  lungs,  a  & 

with  his  mouth  open!  .  ,„r.i  „  greater 

The  trend  in  evolution  from  on  t ip  s  toward  a  g 

subdivision  of  the  lung  into  and  mammals, 

structure  becomes  increasingly  complex  in  rept,'eS^,eon_have  supple- 

<*. » * 
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which  air  can  be  drawn  all  through  the  lungs,  and  completely  renewed 
on  each  inspiriation.  In  addition,  when  the  bird  is  Hying  and  the  ches 
wall  must  be  held  rigid  to  form  an  anchor  for  the  flight  muscles,  the 
air  sacs  act  as  a  bellows  to  move  air  in  and  out  of  the  lungs.  The  air 
sacs,  lying  between  certain  flight  muscles,  are  squeezed  and  relaxed  on 
each  stroke  of  the  wing;  thus,  the  faster  a  bird  flies,  the  more  rapid  is 

the  circulation  of  air  through  the  lungs. 

15.  Respiratory  Devices  in  Other  Animals.  External  respiration  in 
most  aquatic  animals  is  carried  on  by  specialized  structures  called  gills. 
Fish,  molluscs  (oysters,  squids)  and  many  arthropods  (shrimps,  crabs, 
spiders,  and  so  forth,  but  not  insects)  (Fig.  93)  have  these  organs. 
Every  animal  with  gills  has  some  arrangement  for  keeping  a  current  of 
water  flowing  over  them.  In  fish,  water  is  taken  in  through  the  mouth, 
passes  over  the  gills,  and  out  the  gill  clefts.  Gills,  like  the  human  re¬ 
spiratory  organ,  have  thin  walls,  and  are  moist  and  well  supplied  with 
blood  capillaries.  Oxygen  dissolved  in  the  water  diffuses  through  the 
gill  epithelium  into  the  capillaries,  and  carbon  dioxide  diffuses  in  the 
reverse  direction.  Fish  suffocate  in  water  lacking  sufficient  dissolved 
oxygen,  such  as  that  in  stagnant  ponds. 

Insects  have  quite  a  different  system  for  getting  oxygen  to  the  cells. 
In  each  section  or  segment  of  the  body  is  a  pair  of  holes,  called  spiracles, 
from  which  a  tracheal  tube  extends  into  the  body,  branching  and  re¬ 
branching  until  it  reaches  each  cell  (Fig.  93) .  The  body  walls  of  insects 
pulsate,  drawing  air  into  the  trachea  when  the  body  expands,  and 
forcing  air  out  when  the  body  contracts.  Thus,  in  contrast  to  a  fish  or 
crab,  in  which  blood  is  brought  to  the  surface  of  the  body  to  be  aerated 
in  a  gill,  the  tracheal  system  conducts  air  deep  within  the  insect  body, 
near  enough  to  each  cell  so  that  it  can  diffuse  in  through  the  wall  of  the 
tracheal  tube. 


QUESTIONS 


1.  State  exactly  what  function  oxygen  performs  m  the  body. 

2.  IMiat  are  the  parts  of  the  human  respiratory  system,  and  how  in 
adapted  to  their  functions? 


detail,  are  they 


3.  IMiat  is  the  difference  between  breathing  and  respiration? 

4.  IMiat  is  the  special  importance  of  hemoglobin  in  respiration? 
H.  What  is  meant  by  oxygen  “tension”? 

(5.  mat  is  acidosis,  and  what  causes  it? 

7.  What  does  the  respiratory  center  do,  and  where  is  it  located5 
inhibited? 


Why  must  its  action  be 


o  wlaC»lliy  W!'at  ha,ppens  when  to°  much  carbon  dioxide  accumulates  in  the  cells? 

9.  What  has  been  the  outstanding  trend  in  the  evolution  of  the  lungs5 
H).  flow  do  gills  operate? 

1 1 .  IIow  is  respiration  carried  on  in  insects? 

celltTheCwe  °f  T  fneSthetic  sudl  as  ether-  from  the  ether  cone  over  the  nose  to  a 
iq  n  ’  aiIV  as  eac  i  structure  passed  and  the  processes  involved. 

wSSKta!*  dim:t  a"d  ^  “d  external  and  in- 


SUPPLEMENTARY  READINGS 

See  the  Readings  at  the  end  of  Chapter  9. 


CHAPTER  11 


THE  DIGESTIVE  SYSTEM 


FOR  the  same  reasons  that  simple  animals  do  not  need  a  special  sys¬ 
tem  for  respiration,  they  do  not  need  a  special  set  of  organs  for  taking 
in  food.  In  such  animals,  food  passes  directly  into  the  cell  or  cells,  where 
it  is  broken  down  chemically.  In  the  evolutionary  process,  the  higher, 
more  complex  animals  developed  special  organs  for  obtaining  food,  and, 
in  such  forms  as  the  earthworm,  the  frog,  and  man,  food  is  digested 
and  taken  into  the  body  in  organs  far  removed  from  the  places  where 
it  is  eventually  utilized — the  individual  cells. 

In  man  the  digestive  system  is  a  long  tube,  composed  of  several  sep¬ 
arate  organs  (Fig.  94) ,  which  perform  three  main  functions:  ingestion, 
digestion  and  absorption.  Ingestion  is  simply  the  mechanical  taking  in 
of  food  through  the  mouth,  chewing  and  swallowing.  Digestion,  which 
follows,  is  a  chemical  process— the  breakdown,  by  enzyme  action,  of 
large,  complex  food  molecules  into  simpler,  smaller  ones  which  can  pass 
through  the  wall  of  the  digestive  tract.  The  passage  of  substances 
through  the  wall  is  called  absorption;  it  can  occur  only  after  the  food 
molecules  have  been  digested,  because  the  wall  of  the  digestive  tract  is  a 
semipermeable  membrane.  Since  digestion  occurs  almost  entirely  in  the 
stomach  and  small  intestine,  it  can  occur  only  after  food  has  been 

ingested. 


I.  THE  MOUTH  CAVITY 

Food  is  ingested  through  the  mouth  into  the  mouth  cavity,  b(™nded 
on  the  sides  by  the  teeth,  gums  and  cheeks,  on  the  bottom  by  the 
tongue,  and  on  the  top  by  the  palate.  The  last,  which  separates  the 
mouth  cavity  from  the  nasal  cavity,  has  an  anterior  bony  part  the 
hard  palate,  and  a  posterior  fleshy  part,  the  soft  palate.  The  latter  p  ays 
a  role  during  swallowing  in  preventing  food  from  passing  up  into  the 
nasal  cavity.  The  tongue,  teeth  and  salivary  glands  with  ducts  empt^ng 
into  the  mouth  cavity,  are  all  important  in  ingestion  or  digestiom  Th 
tongue  and  teeth  in  man  have  assumed  an  additional  function,  that 

speech^  ^  consists  of  severa,  sets  of  striated  muscles 

running  in  different  directions,  and  thus  it  can  move  in  or  out  up  o 
down  or  from  side  to  side.  Muscles,  of  course,  can  only  exert  a  pull, 
not  a  push-  so  that  to  stick  the  tongue  out,  the  muscles  running  up  a 
down  and  from  side  to  side  contract,  while  the  muscles  running  fmm 

r^t  rPustd 

scust  ss  b“.: 

into  the  pharynx.  The  tongue  of  some  animals,  such  as  frogs 
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-  Rectum 


Fig.  94.  Diagram  of  the  human  digestive  system  ,  •  , 

stomach  and  duodenum,  has  been  folded  back-  tn  1  Cr’  W^IC^  normally  cover 

on  its  under  surface.  (Clendejng.  L.  Th^IuLau  1  I  r''  “"V0  Sh°W  th<i  ^ 
A.  Knopf,  Inc.)  Human  Body.  Copyright  1927,  1945,  by  } 
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eaters,  is  long  and  covered  with  mucus,  enabling  them  to  reach  out  and 
catch  insects  in  flight.  The  surface  of  the  tongue  contains  groups  of 
sensory  cells  called  taste  buds,  which  analyze  substances  in  solution  and 
make  possible  our  taste  sensations. 

2.  The  Teeth.  The  teeth  of  all  vertebrates  serve  the  common  function 
of  breaking  food  up  into  smaller  particles,  but  they  vary  in  size  and 
shape  according  to  the  diet  of  the  particular  animal.  Although  they  are 
superficially  quite  different,  they  have  a  common  pattern  (Fig.  95) . 


Fig.  95.  Diagram  of  a  section  through  a  human  molar.  (Courtesy  of  1.  Schour.) 

and  Bloom.) 


(Maximow 


The  part  of  the  tooth  projecting  above  the  gum  is  ca  led  the  own, 
that  surrounded  by  the  gum  is  called  the  neck,  and  below  the  neck 
the  root,  imbedded  in  a  socket  in  the  , aw  bone,  fcach  tooth  is  com 
posed  of  several  layers,  a  hard  outer  one,  called  enamel  “ 
which  is  not  quite  so  hard,  called  dentine,  ami  an  innermost  pulp  cavity, 

filled  with  blood  vessels,  nerves  and  soft  tissue,  t  e  pu  p. 

covers  only  the  crown  and  upper  part  of  the  neck  of  the  too  .  Ihe 
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pointed  cones  in  all  parts  of  the  mouth,  the  teeth  of  mammals  are  not 
uniform,  but  are  specialized  to  perform  particular  functions,  l  ie  eight 
front,  chisel-shaped  teeth,  called  incisors,  are  used  lor  biting.  These  are 
especially  large  in  gnawing  animals  such  as  rats,  squirrels  and  beavers. 
The  four  cone-shaped  canine  teeth,  one  in  each  front  corner  of  the 
mouth,  are  used  for  tearing  food.  Flesh-eating  animals  such  as  wolves 
and  lions  have  large  canine  teeth  or  fangs — in  fact,  they  aie  called 
canine  or  dog  teeth  because  they  are  so  large  in  dogs.  Behind  the  canine 
teeth  on  each  side  and  in  each  jaw  are  two  premolars  and  three  molars, 
with  flattened  surfaces  adapted  for  crushing  and  grinding  food.  In  flesh¬ 
eating  animals  the  molars  are  knife-shaped  instead  of  flat  and  are  used 
in  shearing  flesh.  Vegetarians  such  as  horses  and  cows  have  large,  flat 
molars  for  grinding  food  and  well-developed  incisors  for  cutting  off  grass. 
After  their  upper  incisors  fall  out,  sheep  and  cows  crop  grass  by  pulling 


Fig.  96.  The  salivary  glands  of  man  and  their  ducts.  Gi,  Sublingual  gland;  G2,  submaxil- 
lal7  filand;  G3,  parotid  gland.  Only  the  glands  of  the  left  side  are  shown,  but  each  gland  is 
paired.  (Carlson  and  Johnson:  Machinery  of  the  Body.  3rd  edition,  published  by  University 
of  Chicago  Press.) 


it  with  their  tongue  and  upper  lip  across  the  cutting  edge  of  the  lower 
incisors. 

Since  man  s  ancestors  were  omnivorous  for  millions  of  years,  human 
teeth  are  relatively  unspecialized.  The  last  molar,  or  wisdom  tooth,  in 
man  frequently  fails  to  erupt,  or,  if  it  comes  through  the  gum,  it  is  often 
crooked  and  useless.  This  defect  is  due  to  a  trend  in  the  evolution  of 
modern  man  toward  a  shortening  of  the  jaws,  with  a  resulting  crowding 
ot  the  teeth,  which  leaves  inadequate  space  for  the  last  molar.  In  primi- 
lve  races,  such  as  the  Australian  aborigines,  this  has  not  occurred.  It  is 

have  wMom'teeth.  “  "  lm,‘dred  th°USan<‘  years’  man  "ot 

3-  The  Salivary  Glands.  To  assist  the  food  in  moving  down  the  throat 
as  well  as  to  begin  .ts  chemical  breakdown,  there  are  two  kinds  of  saUva 

to  dissolve  r;ioor\°nd  troths  eoS  t0l,e  ^  °f  SaHva  "  wate^ 

K  rogl^^ustr^tet  ,t0  mfC  the  f00d  P-wS 

of  the  mouth  against  drying  old,  cleans  it.'^ndtS^  spt 
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moistening  the  tongue  so  that  it  does  not  stick  to  the  roof  of  the  mouth. 
Ihe  three  pairs  of  glands  produce  about  2  quarts  of  saliva  each  day. 
I  he  parotid  glands  (Fig.  96),  located  in  the  cheek  just  in  front  of  the 
ear,  produce  only  a  watery  saliva;  the  submaxillary  glands,  in  front  of 
the  angle  of  the  jaw,  produce  a  mixture  of  watery  and  mucous  saliva,  as 
do  the  sublingual  glands,  located  on  the  floor  of  the  mouth  under  the 
tongue.  Each  glandular  mass  weighs  about  an  ounce  and  is  connected 
to  the  mouth  cavity  by  a  duct. 

Saliva  is  one  of  the  digestive  juices;  it  breaks  down  food  into  simple 
chemicals  which  can  be  absorbed  by  the  body.  The  enzyme  ptyalin, 
which  transforms  starch  into  maltose,  or  malt  sugar,  is  one  of  its  com¬ 
ponents,  as  is  a  small  amount  of  maltase,  which  breaks  maltose  down 
further  to  glucose.  Saliva  is  normally  slightly  acid,  with  a  pH  of  6.5  to 
6.8,  and  ptyalin  works  best  in  this  range.  In  the  very  acid  condition  of 
the  stomach,  the  action  of  ptyalin  ceases,  but  because  food  is  swallowed 
in  masses,  it  takes  time  for  the  acid  to  penetrate,  and  ptyalin  continues 
to  work  in  the  stomach  until  that  happens. 

II.  MICROSCOPIC  ANATOMY  OF  THE  DIGESTIVE  TRACT 

All  the  parts  of  the  digestive  system  from  the  esophagus  to  the  rec¬ 
tum  have  a  similar  structure  and  are  composed  of  the  same  three  layers: 


Clrculor  Muscles 

Longitudinal  Muscles 

Outer  Connective  Tissue 
_ Peritoneum 


Cavity  of  Intestine 


Lining  of  Mucosa 


Glands 


Submucosa 


Fig.  97.  Cross  section  of  the  human  intestine. 


an  inner  mucous  membrane  or  mucosa,  a  muscukr  middle  layer  and  an 
outer  layer  of  connective  tissue  (Fig.  97).  The  inner  lining  of  the 
mucosa,  next  to  the  cavity  of  the  tract,  is  composed  of  epithehal  ce“s' 
usually  of  columnar  type,  some  of  which  secrete  the  viscous  lubricating 
mucus  Themucosa  in  the  stomach  and  intestines  is  greatly  folded  to 
increase  the  secreting  and  absorbing  surface  of  the  tube.  The  glands  of 
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fibers  arranged  circularly,  and  an  outer  one  with  the  fibers  arranged 
longitudinally.  By  contracting  these  layers  alternately  or  in  unison,  the 
digestive  organs  can  perform  a  variety  of  movements  to  churn  the  food 
and  move  it  along. 

The  outermost  layer  of  the  digestive  tract  is  made  of  strong,  flexible 
connective  tissue  fibers  covered  by  a  smooth  sheet  of  the  peritoneum. 
This  sheet  secretes  a  fluid  to  lubricate  the  surface  of  the  stomach  and 
intestines  and  reduce  friction  as  the  parts  of  the  digestive  tract  move 
and  rub  against  each  other  and  the  abdominal  wall.  The  esophagus, 
which  lies  buried  in  the  muscles  of  the  neck  and  chest,  has  no  peritoneal 
covering. 

The  walls  of  the  digestive  tract  are  richly  supplied  with  nerves  to 
coordinate  the  actions  of  the  various  parts,  and  with  blood  and  lymph 
vessels  to  supply  the  cells  with  food  and  oxygen,  to  drain  away  wastes 
and  to  carry  the  absorbed  food  to  a  place  of  storage. 

III.  THE  PHARYNX 

Food  passes  from  the  mouth  cavity  into  the  pharynx,  the  cavity  be¬ 
hind  the  soft  palate  where  the  digestive  and  respiratory  passages  cross. 


Breathing 


Nose 
Soft 

Pharynx 
Epiglottis 
Larqnx 
Vocal 

Esophagus 


Sujalloujtu^ 


the  two  sides  of  tfe  ej drSmTsee  V 30^' 7  ‘°  pressure 

keeps  the  substances  conducted  by  the'se  tubes  in  ^“pe^htnnelT 
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4.  Swallowing.  When  the  food  is  ready  to  be  swallowed,  a  compli¬ 
cated  series  of  reflexes  moves  it  from  the  mouth  to  the  stomach.  The 
first  part  of  the  swallowing  act  is  under  voluntary  control:  the  tongue 
is  raised  against  the  roof  of  the  mouth,  and  the  bolus  of  food  between 
the  tongue  and  palate  is  pushed  into  the  pharynx  by  a  wavelike  move¬ 
ment  of  the  tongue.  When  swallowing  begins,  respiration  is  stopped  mo¬ 
mentarily  by  a  reflex  mechanism  to  prevent  the  passage  of  food  into  the 
larynx  or  trachea.  Once  the  food  is  in  the  pharynx,  there  are  four  pos¬ 
sible  exits  for  it,  only  one  of  which  is  desirable.  Normally,  the  reflex 
closing  of  the  other  three,  forces  the  food  down  the  esophagus  when 
the  pharynx  contracts.  The  opening  to  the  nasal  cavity  is  closed  by  the 
reflex  elevation  of  the  soft  palate  (Fig.  98) ,  while  the  tongue  is  held 
against  the  roof  of  the  mouth,  preventing  the  food  from  returning.  The 
opening  into  the  larynx  is  closed  by  the  contraction  of  muscles  which 
raise  the  entire  larynx,  bringing  the  opening,  the  glottis,  under  the  fold 
of  tissue  called  the  epiglottis.  This  action  completely  closes  it  and  pre¬ 
vents  food  from  going  down  the  trachea,  and  at  the  same  time  enlarges 
the  opening  of  the  esophagus  to  facilitate  the  passage  of  the  bolus.  The 
raising  of  the  larynx  can  be  observed  in  the  bobbing  up  of  the  “Adam’s 
apple”  (which  is  simply  the  outside  of  the  larynx)  each  time  one 
swallows. 


IV.  THE  ESOPHAGUS 

The  esophagus,  or  gullet,  into  which  food  passes  next,  is  a  muscular 
tube  leading  directly  downwards  from  the  pharynx  to  the  stomach.  It 
passes  between  the  lungs  and  behind  the  heart,  penetrating  the  dia¬ 
phragm  to  reach  the  stomach.  It  has  well-developed  muscular  walls:  the 
upper  third  contains  striated  muscle;  the  lower  two-thirds,  smooth 

muscle.  .  t  .  , 

The  contraction  of  the  muscles  in  the  wall  of  the  pharynx  and  the 

presence  of  the  bolus  in  the  upper  part  of  the  esophagus  cause  a  single, 
powerful,  rhythmic  wave  of  muscle  contraction  in  the  wall  of  the  esoph¬ 
agus,  called' peristalsis,  which  pushes  the  bolus  down  to  the  stomach. 
This  wave  is  preceded  by  one  of  relaxation  which  dilates  the  tube  to 
make  room  for  the  food'  Similar  peristaltic  waves  move  the  contents 
through  all  the  organs  of  the  digestive  tube.  The  wave  of  contractions  is 
rapid  in  the  esophagus,  and  it  takes  only  about  six  seconds  for  solid 
food  to  reach  the  stomach  from  the  mouth.  Liquids  are  swallowed  even 
faster,  since  they  simply  flow  downward  under  the  force  of  gravity.  1 
some  of  the  food  escapes  the  first  wave  of  contraction  and  remains  in 
the  esophagus,  it  stimulates  another  muscular  contraction  to  move  it 
to  the  stomach.  An  emotional  upset,  excessive  smoking,  or  food  swal¬ 
lowed  too  hastilv  may  cause  the  muscles  of  the  esophagus  to  contr. 

!“  a  spasm  when  no'  food  is  present,  resulting  in  the  sensat.on  of  a 

“'The  openinXmthe  esophagus  to  the  stomach  is  controlled  by  a 
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wave  of  contraction  of  the  esophagus  muscles,  but  the  ring  of  muscle 
does  not  open  until  the  peristaltic  wave  reaches  it.  Similar  sphincters 
control  the  movement  of  food  at  three  other  [daces  in  the  digestive 
tract:  the  opening  of  the  stomach  into  the  small  intestine,  the  opening 
of  the  small  intestine  into  the  large  intestine,  and  the  opening  at  the 
anus  where  the  digestive  tract  ends. 

V.  THE  STOMACH 

When  the  food  leaves  the  esophagus,  it  enters  the  stomach,  a  thick- 
walled,  muscular  sac  on  the  left  side  of  the  body  just  beneath  the  lower 
ribs.  This  organ  is  divided  into  three  main  regions  (Fig.  99)  :  an  upper 


Gal  I  bl 


Pancre  as 

fig.  99.  Diagram  of  the  relations  of  the  stomach,  liver,  pancreas  and  duodenum. 


part,  nearest  the  heart,  called  the  cardiac  region;  a  deep  part,  below  this, 
called  the  fundus;  and  an  area  extending  to  the  opening  of  the  small 
intestine,  called  the  pyloric  region.  The  muscular  layers  of  the  stomach 
wall  are  exceptionally  thick,  being  composed  of  a  diagonal  layer  of  fibers 
in  addition  to  the  circular  and  longitudinal  fibers  found  elsewhere  in  the 
digestive  tract.  The  mucosa,  or  lining,  of  the  stomach  contains  millions 
of  microscopic  gastric  glands  which  secrete  the  gastric  juice  containing 
enzymes  and  hydrochloric  acid.  Pure  gastric  juice  is  extraordinarily 
acid,  having  a  pH  of  about  1,  but  the  stomach  contents,  in  which  the 
gastnc  juice  is  mixed  with  food,  are  less  acid,  with  a  pH  of  about  3 

d'  «teJ1ZTV.°f  lhe  .stomach  varies'  of  course,  as  a  meal  is  eaten  and 

abou  2V1(m1rtsaT"Um  “I>aClty  of  the  average  person’s  stomach  is 
about  2/>  quarts.  As  swallowing  occurs,  the  stomach  relaxes  reflexlv  to 

make  room  for  the  food.  Soon  after  the  food  reaches  the  stomach 

peristaltic  waves  begin  in  the  pyloric  region,  passing  from  left  to  rieht’ 

"ard  the  opening  into  the  intestine.  The  rest  of  the  stomach,  contain- 
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ing  most  of  the  food,  remains  quiescent  at  this  stage.  As  digestion  pro¬ 
ceeds,  the  waves  originate  farther  and  farther  to  the  left,  and  finally  the 
entire  stomach  wall,  from  cardiac  to  pyloric  end,  is  swept  by  deep,  power¬ 
ful  peristaltic  waves  which  mix  the  contents  and  mechanically  break 
the  larger  bits  of  food  into  smaller  ones.  The  food  is  now  the  consistency 
of  cream  soup,  and  digestion  is  well  advanced.  At  intervals,  the  pyloric 
sphincter  relaxes,  and  a  small  amount  of  chyme  (as  the  contents  of  the 
stomach  and  small  intestine  are  called)  is  pushed  into  the  small  intes¬ 
tine  by  the  contraction  of  the  stomach.  The  opening  of  the  pyloric 
sphincter  at  the  proper  time  is  regulated  by  a  mechanism  whose  action 
is  not  completely  known.  The  strength  of  the  peristaltic  waves  in  the 
stomach  and  the  consistency  of  chyme  are  important  factors  in  this 
regulation.  In  one  to  four  hours,  depending  upon  the  amount  and  kind 
of  food  eaten,  the  stomach  is  emptied.  Carbohydrate  foods  leave  the 
stomach  more  rapidly  than  proteins,  and  proteins  more  rapidly  than 
fats.  When  the  stomach  is  empty  it  continues  to  contract,  and  it  is  this 
squeezing  of  the  empty  stomach  which  stimulates  nerves  in  the  wall, 
causing  hunger  pangs. 

5.  Vomiting.  Occasionally  something  may  be  taken  into  the  stomach 
which  should  be  ejected.  To  make  this  possible,  most  mammals — with 
the  exception  of  rabbits,  rats  and  other  rodents — have  a  mechanism  in 
the  stomach  called  the  vomiting  reflex.  Vomiting  may  be  caused  by 
mechanical  irritation  of  the  pharynx  (sticking  a  finger  in  the  throat  is 
used  to  induce  it  when  some  poisonous  substance  has  been  swallowed) 
or  by  disturbances  in  the  semicircular  canals  of  the  ears,  as  in  seasick¬ 
ness.  It  is  controlled  by  a  center  in  the  midbrain,  known  as  the  vomiting 
center,  which  coordinates  the  contraction  of  the  stomach  and  of  the 
muscles  of  the  abdominal  wall,  the  closing  of  the  pyloric  sphincter,  the 
opening  of  the  cardiac  sphincter  and  the  closing  of  the  glottis. 


VI.  THE  SMALL  INTESTINE 

The  small  intestine,  into  which  the  chyme  passes  by  the  force  of  the 
peristaltic  waves  in  the  stomach,  is  a  long  coiled  tube,  about  22  feet 
long  and  approximately  1  inch  in  diameter.  This  great  length  is  necessary 
for  absorbing  sufficient  food  to  maintain  life.  The  greater  part  of  diges¬ 
tion  and  almost  all  absorption  occur  in  this  organ.  Only  alcohol  and  a 
few  poisons  can  be  absorbed  through  the  stomach  wall. 

The  length  of  the  intestine  is  correlated  with  the  type  of  diet,  plant¬ 
eating  animals  have  a  long  small  intestine;  meat-eating  animals  have  a 
short8 one;  and  omnivorous  ones,  like  man,  have  one  of  intermediate 
length.  An  interesting  example  of  this  is  to  be  seen  in  the  rog.  e  rog 
larva  or  tadpole  is  herbivorous  and  has  a  long  small  intestine,  bu 
adult  frog  is  carnivorous  and  has  a  much  shorter,  small  intestine. 

The  first  segment  of  the  small  intestine,  about  10  inches  long,  is  called 
thJduodenum.  It  occupies  a  fixed  position  in  the  abdommal  cav.ty 
i  ;*  Ik  held  in  place  by  ligaments  connecting  it  to  the  liver  and 

ft  as 
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mesentery  provides  a  means  for  nerves  and  blood  vessels  to  pass  fiom 
the  body  wall  to  the  intestine.  In  the  duodenum  two  extremely  impor¬ 
tant  juices  reach  the  digesting  food:  bile  from  the  liver,  and  pancreatic 
juice  from  the  pancreas.  In  addition,  the  wall  of  the  intestine  contains 
millions  of  tiny,  intestinal  glands  which  secrete  the  intestinal  juice  con¬ 
taining  a  number  of  enzymes.  These  three  juices  are  mixed  in  the  small 


RHYTHMICAL  SEGMENTATION 


PERISTALSIS 


intestine,  and  the^ Movement  ofF  food  throuelTth8  “v*10".  of  rhythmical  segmentation  in  the 
Hunter:  College  Zoology.)  g  the  dlgeStlve  tract  by  peristalsis.  (Hunter  and 
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the  chyme  along,  and  the  churning  movements,  which  simply  mix  the 
intestinal  contents  (Fig.  100) .  A  single  peristaltic  wave  does  not  move 
far  in  the  intestine;  usually  after  4  or  5  inches  it  is  dissipated,  though 
occasionally,  rapid  movements,  called  peristaltic  rushes,  sweep  along  for 
considerable  distances.  The  churning  movements  are  caused  by  alter¬ 
nating  contractions  and  relaxations  of  successive  segments  of  the  intes¬ 
tine,  which  are  repeated  about  ten  times  a  minute.  These  movements 
complete  the  mechanical  breaking  up  of  the  intestinal  contents,  mix 
them  with  the  various  digestive  juices,  and  ensure  that  all  parts  of  the 
intestinal  contents  will  be  brought  in  contact  with  the  intestinal  wall 
so  that  the  digested  food  may  be  absorbed  into  the  blood  stream.  In 
each  part  of  the  intestine  these  churning  movements  continue  for  a 
time;  then  a  peristaltic  wave  carries  the  contents  to  the  next  section, 
and  the  churning  movements  begin  again.  In  this  way  the  contents  are 
ultimately  carried  through  the  small  intestine  to  the  large  intestine  in 
about  eight  hours.  By  the  time  the  remains  of  the  food  pass  from  the 
small  intestine,  digestion  has  been  completed  and  the  digested  food 
particles  have  been  absorbed.  The  materials  passing  into  the  next  sec¬ 
tion  of  the  digestive  tract,  the  large  intestine,  consist  of  indigestible 
matter  and  large  quantities  of  water  derived  from  the  food  taken  in  or 
from  the  digestive  juices. 


VII.  THE  LIVER 

Because  of  its  contribution  of  the  digestive  juice,  bile,  the  liver  is 
vitally  important  to  digestion.  It  is  the  largest  gland  in  the  body, 
occupying  the  whole  upper  part  of  the  abdominal  cavity,  just  below  the 
diaphragm.  The  greater  part  of  it  lies  on  the  right  side  of  the  body,  bu 
it  extends  to  the  left  side  and  partly  covers  the  stomach 

Bile  is  formed  in  all  parts  of  the  liver  and  is  collected  by  a  branching 
system  of  fine  ducts,  leading  into  large  ducts,  which  empty  into  the  gall¬ 
bladder  (Fig.  99) ,  where  the  bile  is  stored  until  needed.  Here,  water  and 
salts  are  removed  from  the  bile,  so  that  it  may  be  greatly  concentrated. 
Bile  is  secreted  by  the  liver  cells  constantly,  but  passes  to  the  duodenum 
oi  ly  after  ood  has  been  eaten.  Its  passage  down  the  common  Me  due 
U  brought  about  by  the  contraction  of  the  muscular  wall  of  the  gall 
bladder.  Being  alkaline,  it  helps  to  neutralize  the  ^  nce  in 

cjnpp  bile  contains  no  digestive  enzymes,  its  I  . 

digestion  lies  in  the  action  of  the  bile  salts.  These  substances  act  a 
emulsifying  agents  so  that  when  the  churning  movements of  Urn 

tine  are  going  on  a  fine  S-ter 

the  chyme  is  produced.  As  the  fat  enzvme  lipase,  may 

surface  area  is  created  in  which  '<=  fat-spl,tt,ng  ’f  {at 

work;  consequently  an  increa  intestine  as  when  the  bile 

occurs.  When  bile  salts  are  absent  from  the  ot  fats  is 

duct  is  obstructed,  the  absorption  as  v  ,  feces  The  bile  salts 

impaired,  and  much  of  the  fat  en^cn ./kiTbody  being  reabsorbed  from 

themselves  are  carefully  conserved  by  he  body  bemg  be  se. 

the  lower  part  of  the  intestine  and  Cholesterol,  plays  no 

"rt1nTgrestioTbutnmaycCause  trouble.  Cholesterol  is  not  very  soluble 
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in  water,  and  under  certain  circumstances  the  cholesterol  in  the  gall¬ 
bladder  may  be  concentrated,  by  the  removal  ot  water,  to  the  point  of 
precipitation,  producing  the  hard  little  pellets  called  “gallstones.”  these 
may  obstruct  the  bile  duct  and  stop  the  How  of  bile. 

The  color  of  bile  depends  on  its  pigments.  There  are  two  main  pig¬ 
ments,  a  red  one  and  a  green  one,  which  are  present  in  different  propor¬ 
tions  in  different  vertebrates,  so  that  the  color  of  bile  ranges  between 
them;  human  bile  is  a  deep  yellow-orange.  In  the  intestine  the  bile  pig¬ 
ments  undergo  chemical  alterations  which  change  them  to  a  dark  brown, 
and  it  is  to  these  pigments  that  the  brown  color  of  the  feces  is  due.  When 
the  bile  is  obstructed  so  that  bile  pigments  are  not  present  in  the  feces, 
the  latter  are  whitish  or  clay-colored.  In  such  a  condition,  and  in  certain 
impairments  of  the  functioning  of  the  liver,  the  bile  pigments  accum¬ 
ulate  in  the  blood  and  tissues,  giving  a  yellowish  tinge  to  the  skin,  a 
condition  known  as  jaundice. 


VIII.  TIIE  PANCREAS 


At  the  same  time  that  the  food  in  the  duodenum  is  acted  upon  by  the 
bile,  it  is  also  mixed  with  a  juice  from  the  other  main  digestive  gland, 
the  pancreas.  This  gland  is  an  irregular,  diffuse  mass  lying  between  the 
stomach  and  the  duodenum  (Fig.  99)  .  Its  secretion,  the  pancreatic  juice, 
containing  a  number  of  enzymes,  passes  into  the  duodenum  by  way  of 
the  pancreatic  duct.  In  addition,  certain  cells  of  the  pancreas,  called 
the  islets  of  Langerhans,  secrete  into  the  blood  stream  the  hormone 
insulin  (p.  910).  I  hese  two  secretions  are  entirely  separate  and  unre¬ 
lated.  It  just  happens  that  in  man,  and  most  vertebrates,  the  two  types 
of  cells  occur  together  in  the  same  gland;  in  certain  types  of  fish  the 
two  types  are  spatially  separated  into  two  different  glands. 

The  pancreatic  juice  is  a  clear,  watery  fluid  that  is  m.ito  nil™!!™ 


-  _  which  demonstrates  the  importani 

creatic  juice  in  normal  digestion. 


importance  of  the  pan- 


IX.  THE  ABSORPTION  OF  FOOD 
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which  contains  a  network  of  blood  capillaries  and  a  lymph  capillary  in 
its  center,  cover  the  inner  surface  of  these  folds  (Fig.  101) . 

Absorption  is  a  complex  process,  involving  in  part  the  simple  dif¬ 
fusion  of  substances  from  the  cavity  of  the  intestine  through  the  lining 
cells  and  into  the  blood  or  lymph  capillaries.  This  may  take  place  even 
when  there  is  a  greater  concentration  of  the  substance  in  the  blood 
stream  than  in  the  intestine.  In  such  circumstances  the  cells  lining  the 
intestine  must  do  work  and  “pump”  these  substances  into  the  blood 
stream  against  the  diffusion  gradient,  a  process  analogous  to  secretion. 


Villi 


Lacteal  ■ 


Goblet  cell  - 


Crypt  of 
Lieberkuhn- 


Glandular 

epithelium- 


Mucosa 


jMuscularis  mucosae 


Submucosa 


Fig.  101.  Detailed  diagram  of  intestinal  villi,  showing  their  structure  and  blood  and  lymph 
supply.  (Hunter  and  Hunter:  College  Zoology.) 
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ing  them  into  others,  and  maintaining  a  relati  y 

"  t; — ...  ... 
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which  are  too  large  to  pass  through  the  capillary  walls  into  the  blood 
stream  and  pass  instead  to  the  lymph  vessel.  During  the  absorption  of 
a  meal  rich  in  fat  the  lymphatic  vessels  of  the  intestine  have  a  milky 
white  color  due  to  this  fat  emulsion.  These  intestinal  lymph  vessels 
eventually  empty  into  the  great  thoracic  duct  and  from  there  into  the 
blood  stream,  since  the  great  thoracic  duct  empties  into  the  left  shoulder 
vein.  The  fat  eventually  gets  into  the  blood  stream  and  is  distributed 
to  the  body,  but  its  route  is  less  direct  than  that  of  the  sugars  and  amino 
acids. 


X.  THE  LARGE  INTESTINE  AND  RECTUM 

From  the  small  intestine,  what  is  left  of  the  food  after  absorption 
passes  into  the  large  intestine,  or  colon,  a  U-shaped  tube,  larger  in 
diameter  and  with  thicker  walls  than  the  small  intestine.  It  consists  of 
three  parts,  the  ascending,  transverse,  and  descending  colons  (Fig.  94) 
The  small  intestine  does  not  connect  with  the  end  of  the  large  intestine, 
but  empties  into  its  side,  a  short  distance  from  the  extreme  end  in  the 
lower  right  corner  of  the  body  near  the  hip  bone.  This  arrangement 
leaves  a  large  blind  sac,  called  the  cecum,  at  the  tip  of  which  is  a  small 
projection  about  the  size  of  the  little  finger,  the  appendix.  The  cecum 
and  appendix  were  larger  in  our  remote  ancestors  and  active  in  the  di¬ 
gestion  of  vegetable  materials.  Herbivores  such  as  rabbits  and  guinea 
pigs  still  have  a  large  functional  cecum.  As  we  evolved  and  changed 
our  food  habits,  the  cecum  became  superfluous  and  degenerated.  From 
the  junction  of  the  small  and  large  intestines,  the  ascending  colon  runs 
up  the  right  side  of  the  body  to  the  level  of  the  liver.  The  colon  then 
makes  a  right-angle  turn  and,  as  the  transverse  colon,  runs  across  the 
abdominal  cavity  just  below  the  liver  and  stomach.  When  it  reaches 
the  left  side  of  the  body  it  makes  another  right  turn,  becomes  the 

descending  colon,  and  passes  down  the  left  side  of  the  bodv  to  the 
rectum. 

The  material  reaching  the  colon  from  the  small  intestine  has  had  most 
of  the  nutrients  absorbed  from  it,  hut  it  is  still  liquid,  because,  although 

add^T  (VS^SOrbJed  m  the  sma"  intestine-  a,most  as  much  water  is 
added  by  the  bile  and  pancreatic  juice.  The  main  function  of  the  colon 

tUhnd'0”  trlnspurtmg  the  wastes  to  ,he  rectum  to  be  ejected  from 
body,  is  to  absorb  water  and  reduce  the  wastes  to  a  semisolid  state 

The  same  two  movements  occur  in  the  colon  as  in  the  small  intestine- 

urning  and  peristaltic— although  both  are  ordinarily  slower  and  more 

nrrist'SH  "  th°Se  !Vhe  Sma"  intesti"e-  Periodically,  more  l* 

thrrectumm0ThmentS  °rCe  ^  ,COntents  along.  until  they  finally  reach 
the  rectum.  These  occur  especially  after  eating,  because  of  a  refiev 

the  cZrThisrmey  h  e-fi,ling  u  ?e  stomach  stimulates  an  emptying  of 

rCflPX'  !S  4°nJble 

the  abdom i na/ niu scles  d^th ^ d ^ ° ^  UP°n  ^  Contraction  of 
the  outer  ring  of  muscle  fsohinpt  \  '  7 ^Jragm’  and  the  relaxation  of 

tary,  depending  on  the  relaxation  of  tl  ^  anUS’  ?n d  ^artl-v  involun- 

contraction  of  the  large  infect*  a  "  lnner  anal  sphincter  and  the 
the  large  intestine  and  rectum  which  forces  the  feces  out 
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through  the  anus.  It  is  the  distention  of  the  rectum  and  the  consequent 
stimulation  of  nerves  in  its  walls  that  bring  about  the  desire  to  defecate. 

If  this  signal  is  ignored,  the  rectum  adapts  to  the  new  size  and  the 
stimulus  diminishes  and  finally  disappears. 

It  takes  from  twelve  to  twenty-four  hours  for  the  waste  products  of 
digestion  to  pass  through  the  colon  and  rectum.  The  end  product,  the 
feces,  contains  indigestible  remnants  of  the  food,  certain  substances 
secreted  by  the  body,  such  as  bile  pigments  and  heavy  metals,  and  large 
quantities  of  bacteria.  The  latter  make  up  about  half  of  the  mass  of 
the  feces. 

The  entire  digestive  tract,  and  especially  the  colon,  contains  great 
numbers  of  these  bacteria,  which  do  no  harm,  and  may  even  be  useful. 
For  instance,  the  cellulose  walls  of  plant  cells  are  not  broken  down  bv 
the  enzymes  of  most  animals,  but  are  affected  by  enzymes  from  the 
bacteria.  In  herbivores  the  large  cecum  provides  a  place  for  such  ma¬ 
terial  to  be  kept  while  the  action  of  the  bacteria  takes  place.  Another 
function  of  the  bacteria  is  to  synthesize  a  number  of  the  vitamins,  and 
an  appreciable  amount  of  certain  ones  are  manufactured  by  the  intes¬ 
tinal  bacteria  and  absorbed  through  the  colon.  Some  bacteria  in  the 
colon  produce  substances  highly  poisonous  and  odorous,  and  at  one 
time  it  was  thought  that  the  absorption  of  them,  especially  in  constipa¬ 
tion,  might  be  dangerous,  but  more  recent  studies  show  that  they  are 
never  present  in  dangerous  amounts  in  the  general  blood  stream,  because 

of  the  detoxifying  action  of  the  liver. 

The  headaches  and  other  symptoms  which  usually  accompany  con¬ 
stipation  are  not  caused  by  absorption  of  ‘  toxic  substances  from  tht 
feces  at  all,  but  are  due  to  the  distention  of  the  rectum.  If  the  rectum 
is  packed  with  some  inert  substance  such  as  cotton,  the  same  symptoms 

If  the  lining  of  the  colon  is  irritated,  as  in  an  infection  such  as 
dysentery,  peristalsis  is  increased  and  the  intestinal  contents  are  passed 
through  rapidly,  with  only  a  small  amount  of  the  water  removed  from 
them.  This  condition,  known  as  diarrhea,  results  in  frequency  of  defeca¬ 
tion  and.  of  course,  watery  feces.  The  opposite  condition,  const.pation, 
results  when  the  contents  pass  through  too  slowlv,  so  that  an  abnorma 
large  amount  of  water  is  removed,  and  the  feces  become  excessively 
hard  and  dry.  Modern  civilization  and  the  sedentajr  hfe  and  nervoa 
strain  which  it  produces,  tend  to  decrease  intestinal  motility  and  max 
cause  constipation  People  often  become  unduly  alarmed  when  a  dav 
two  passes  without  a  bowel  movement  (the  constant  exhortations  of  the 
vlndor  o  laxative,  in  the  press  and  on  the  air  have  someth, ^ :  to  do 

mMmrnm 

cathartic  constipation,  in  w  1  .  ,  .  movements  and  remain 

capable  of  their  normal  churning  an  eating  foods  that  contain 

contracted.  Constipation  can  e avcn  V  »»\  to  give  bulk  to  the 

sufficient  indigestible  cellulose  fibers  (  roughage  )  g 
intestinal  contents. 
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XI.  DISORDERS  OF  THE  DIGESTIVE  TRACT 


We  have  already  discussed  certain  disorders  oi  the  digestive  system 
gallstones,  diarrhea  and  constipation.  Another  common  complaint  is 
“indigestion,”  which  may  result  from  overeating,  from  the  irritation  of 
the  stomach  lining  by  an  excess  of  alcohol,  or  from  some  disturbance  in 
the  functioning  of  the  colon.  Since  the  transverse  colon  lies  just  beneath 
the  stomach,  it  is  sometimes  difficult  to  distinguish  the  source  of  pain. 
Any  constantly  recurring  indigestion  should  receive  medical  attention. 
Constant  nervous  strain  may  impair  the  functioning  of  the  digestive- 
system  and  produce  indigestion.  Whenever  you  hear  or  read  an  adver¬ 
tisement  for  some  remedy  for  “acid  stomach,”  remember  that  the 
stomach  is  normally  acid,  and  must  be  acid  for  pepsin  to  act,  and  to 
stimulate  the  secretion  of  secretin,  which  causes  the  pancreas  to  give 
off  pancreatic  juice. 

About  one  person  in  a  hundred  has  a  stomach  ulcer,  an  area  in  the 
stomach  where  the  lining  is  eroded.  The  cause  of  ulcer  formation  is  not 
clear,  but  may  depend  on  the  secretion  of  an  unusually  acid  gastric  juice, 
mechanical  injury  of  the  wall  by  some  sharp  object,  or  by  some  inter¬ 
ference  with  the  blood  supply  to  the  cells  lining  the  stomach  so  that  they 
are  unable  to  secrete  enough  protecting  mucus.  The  pain  associated  with 
an  ulcer  is  believed  to  be  caused  by  the  contact  of  the  acid  gastric  juice 
with  the  eroded  surface,  and  the  danger  lies  in  the  fact  that  the  erosion 
of  the  wall  may  increase  and  reach  a  large  blood  vessel,  resulting  in 
hemorrhage  and  death;  or  the  wall  may  be  eroded  all  the  way  through 
so  that  the  stomach  contents,  which  contain  bacteria,  pass  into  the 
pei itoneal  cavity,  causing  general  inflammation  of  the  peritoneum 
(peritonitis) . 


One  of  the  weak  spots  of  the  digestive  tract  is  the  appendix.  The  cause 
of  the  inflammation  of  this  organ  (appendicitis)  is  not  known,  but  again, 
the  danger  lies  in  the  possible  rupturing  of  its  wall  and  the  release  of 
bacteria  into  the  peritoneal  cavity,  which  may  cause  peritonitis  and 

death.  The  surgical  removal  of  the  inflamed  organ  before  it  bursts  is  an 
effective  cure. 


XII.  THE  CHEMISTRY  OF  DIGESTION 

The  Chemical  reactions  which  result  in  the  breakdown  of  food  mole¬ 
cules  to  simple  substances  which  can  be  absorbed  through  the  intestinal 
wall  are  regulated  by  enzymes;  these,  you  will  remember,  are  organic 
(.lUIvsls  which  enable  the  body  to  bring  about  chemical  reactionsVhat 

:«eor  &  »:CTSsth:  r  ft  r 

Thus,  lipase  means  the  enzyme acting Tn  fa  s  fS  W°rkted  Up0"' 

zymes,  discovered  in  early  days 1  "fore  thfs  (l,'”ds>  ;. So™  °f  the  en- 

upon,  have  names  ending  in  4An  Im  W“S  a«reed 

Change  all  the  old  names  to  ones  endS^ P‘  k  "T  at  one  time  to 

IU  ones  timing  m  -use,  but  it  was  unsuccessful. 
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7.  Saliva.  The  first  enzyme  encountered  by  food  in  the  digestive  tract 
is  ptyalin,  present  in  the  saliva.  Ptyalin  attacks  cooked  starch  and  other 
complex  carbohydrates  by  hydrolyzing  or  splitting  them  into  double 
sugars,  principally  maltose,  the  malt  sugar  of  “malted  milk.”  Although 
this  chemical  splitting  of  starches  by  ptyalin  occurs  fairly  rapidly,  it 
cannot  be  completed  while  the  food  is  in  the  mouth  in  the  normal  time 
required  for  chewing.  Most  of  the  splitting  occurs  within  each  bolus  of 
food  in  the  stomach  before  the  gastric  juice  penetrates  and  renders  the 
food  too  acid  for  ptyalin  to  work.  Different  people  have  saliva  contain¬ 
ing  different  amounts  of  ptyalin,  so  that  the  time  required  to  digest  a 
given  amount  of  starch  varies.  You  can  test  the  activity  of  your  own 


Table  6.  Enzymes  Important  in  Digestion 


Location 

Enzyme 

Source 

Optimum 

pH 

Mouth . 

Ptyalin 

Salivary 

glands 

Alkaline 

Stomach . 

Pepsin 

Gastric 

glands 

Acid 

Stomach . 

Rennin 

Gastric 

glands 

Acid 

Small  intestine .... 

Trypsin 

Pancreas 

Alkaline 

Small  intestine.  . . . 

Lipase 

Pancreas 

Alkaline 

Small  intestine .... 

Diastase 

Pancreas 

Alkaline 

Small  intestine .... 

Erepsin 

Intestinal 

glands 

Alkaline 

Small  intestine.  . . . 

Maltase 

Intestinal 

glands 

Alkaline 

Small  intestine .... 

Sucrase 

Intestinal 

glands 

Alkaline 

Small  intestine .  . . . 

Lactase 

Intestinal 

glands 

Alkaline 

Small  intestine .  .  .  . 

Enteroki- 

nase 

Intestinal 

glands 

Alkaline 

Substance 
Acted  Upon 


Product 


Cooked  starch 

Proteins 

Milk  proteins 

Proteins  or  pep¬ 
tones 
Fats 

Intact  or  partly 
digested  starch 
Peptones 

Maltose  (double 
sugar) 

Sucrose 

Lactose  (milk 
sugar) 

Trypsinogen 

(inactive) 


Double  sugars 

Proteoses  and 
peptones 
Denatured  (cur¬ 
dled)  protein 
Peptones  and 
amino  acids 
Fatty  acids  and 
glycerol 
Double  sugars 

Amino  acids 

Glucose  (simple 
sugar) 

Simple  sugars 
Simple  sugars 
Trypsin  (active) 


saliva  bv  a  simple  experiment  based  on  the  fact  that  starcn  p  us  .™„,c 
Isblne  whilesugar  plus  iodine  is  not.  Put  10  ce.  of  a  dilute  boded  starch 
solution^  a  tesf  tube  and  add  1  cc.  of  saliva.  Mix  thoroughly  and  at  the 
end  of  each  minute  after  adding  the  saliva,  remove  a  drop  and  add  . 

(change  y  e  g ),  ,,  ,  rgaction  by  repeating  the  test,  using 

—  —  —•  — 

breaks  maltose  down  to  form  glucose.  passage 

8.  Gastric  Juice.  The  second  enzyme  to  a  Von  the -food  ^  ^ 
through  the  digestive  tract  is  pepsin,  secreted  y 
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gastric  glands  in  the  fundus  of  the  stomach.  Other  cells  in  the  tundus 
secrete  hydrochloric  acid.  The  glands  in  the  pyloric  regions  secrete  mu¬ 
cus,  and  the  entire  lining  of  the  stomach  contains  other  mucus-secreting 
cells. 

Pepsin  splits  the  large  molecules  of  protein  into  smaller,  soluble  mole¬ 
cules  known  as  proteoses  and  peptones,  but  is  unable  to  complete  the 
breakdown  of  these  to  their  constituent  amino  acids.  This  is  done  by 
other  enzymes  in  the  intestine.  Pepsin  is  active  only  in  an  acid  medium 
and  any  acid  will  speed  up  its  action,  but  hydrochloric  acid  is  most 
effective.  In  contrast,  the  protein-splitters  of  the  intestine,  trypsin  and 
erepsin,  operate  only  in  an  alkaline  medium.  All  the  body  cells  have 
intracellular  protein-splitting  enzymes  (called  cathepsins)  which  act  in 
an  essentially  neutral  medium.*  If  a  piece  of  tissue  is  removed  from 
the  body  and  kept  moist  and  warm,  the  cathepsins  in  it  will  eventually 
dissolve  it.  Pepsin  is  secreted  by  the  gastric  glands  in  an  inactive  form, 
called  pepsinogen;  this  is  converted  into  pepsin  when  it  comes  in  con¬ 
tact  with  acid. 

Gastric  juice  also  contains  an  enzyme  known  as  rennin,  which  acts  on 
a  specific  protein  present  in  milk,  casein,  changing  it  from  a  soluble  to 
an  insoluble  form,  thereby  curdling  the  milk.  This  is  necessary  to  keep 
milk  in  the  stomach  long  enough  for  pepsin  to  act  upon  it,  since,  if  milk 
remained  liquid,  it  would  pass  through  as  rapidly  as  water.  For  centuries 
rennin  has  been  extracted  from  the  stomachs  of  calves  and  used  in 
making  certain  types  of  cheese,  and  the  milk  pudding  “junket”  is  made 
with  rennin. 

Since  the  stomach  wall  is  made  of  protein,  you  may  wonder  why  it 
is  not  digested  by  the  pepsin  and  hydrochloric  acid  it  secretes.  The  stom¬ 
ach  has  a  number  of  safeguards  against  this,  but  when  they  fail,  the 
wall  is  digested  and  an  ulcer  results.  The  entire  stomach  wall  is  normally 
lined  with  a  thick  coat  of  mucus  which  protects  it  from  the  active  en¬ 
zyme.  This  coat  is  constantly  renewed  by  the  mucus-secreting  cells 
lining  the  stomach.  When  the  stomach  is  empty,  little  gastric  juice  is 
secreted,  and  that  present  has  a  low  acidity,  so  that  the  pepsin  is  not 
very  active.  At  the  end  of  a  meal,  a  little  of  the  alkaline  intestinal  juice 
passes  through  the  pylorus  into  the  stomach  and  neutralizes  the  acid 

there.  All  these  factors  serve  to  protect  the  lining  of  the  stomach  from 
the  action  of  pepsin. 

9.  Fonci-eofic  Juice.  In  the  small  intestine  the  enzymes  of  the  pan- 
ereatic  juice  continue  the  digestion  of  carbohydrates  and  proteins  b^gun 

lSal'™  and  8astnc  Julce  and  perform  almost  all  the  digestion  of 
fats.  I  he  three  main  enzymes  secreted  by  the  pancreas  are  • 

lastase  and  lipase.  Trypsin  acts  on  intact  or  partially  digested  protein 
molecules,  breaking  them  up  into  simple  groups  of  Severn?  amlml  A 
Since  trypsin  can  digest  intact  proteins,  some  mechanism  is  ne  ' 
to  protect  the  pancreas  itself  from  digestion  n'  S  ,necessary 

«« i.  k,„  „  jsxiis 

gelatin  containing  fresh  pineapple.  Afte^  pineapple  h  is  1  '  that,one  cann°t  prepare  a 
enzyme  is  destroyed,  so  that  cZed  pineappTZt  “» 
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ihe  trypsinogen  passes  down  the  pancreatic  duct  and  is  acted  upon  in 
the  intestine  by  another  enzyme,  enterokinase,  secreted  by  glands  in  the 
wall  of  the  intestine,  which  converts  it  into  active  trypsin.  If  active 
trypsin  does  get  into  the  pancreas  accidentally,  it  will  digest  it  and  cause 
death.  The  second  pancreatic  enzyme,  diastase,  supplements  the  action 
of  ptyalin  and  digests  cooked  or  uncooked  starches  to  maltose.  It  is  more 
important  than  ptyalin  in  the  digestion  of  starches  and  has  a  longer 
time  to  work  on  them.  Most  animals  do  not  have  ptyalin  in  their  saliva, 
but  rely  on  pancreatic  diastase  to  digest  the  starches  eaten.  Lipase,  the 
third  pancreatic  enzyme,  breaks  molecules  of  fat  into  one  molecule  of 
glycerol  and  three  molecules  of  fatty  acids;  the  latter  can  be  absorbed 
by  the  intestinal  walls,  but  fat  cannot.  Since  the  pancreas  is  the  only 
gland  secreting  appreciable  amounts  of  a  fat-splitting  enzyme,  there  are 
more  marked  disturbances  in  fat  digestion  than  in  protein  or  carbohy¬ 
drate  digestion  when  the  flow  of  the  pancreatic  juice  is  interfered  with. 
In  such  cases,  fat  passes  through  the  digestive  tract  essentially  un¬ 
changed  and  is  lost  in  the  feces. 

10.  Intestinal  Juice.  The  walls  of  the  intestine  contain  a  large  number 
of  small  glands  which  secrete  additional  enzymes  to  complete  the  di¬ 
gestion  of  proteins  and  carbohydrates.  It  is  difficult  to  measure  the 
amount  of  intestinal  juice  secreted,  but  it  is  estimated  to  be  about  3 
liters  daily.  The  enzyme  erepsin  completes  protein  digestion,  splitting 
small  groups  of  amino  acids  into  individual  ones  which  can  be  absorbed. 
Maltase,  sucrose  and  lactase  are  enzymes  that  act  on  malt  sugai,  cane 
or  beet  sugar  and  milk  sugar  to  split  them  into  simple  sugars  such  as 
glucose.  The  intestinal  glands  secrete  enterokinase,  the  agent  which 
transforms  trypsinogen  into  trypsin.  The  intestinal  walls  also  secrete 
large  amounts  of  mucus  to  lubricate  the  passage  of  food. 

By  the  time  the  chyme  reaches  the  lower  part  of  the  small  intestine, 
digestion  is  complete  and  absorption  occurs  rapidly;  the  proteins  have 
been  split  into  their  component  amino  acids,  carbohydrates  into  simple 

sugars,  and  fats  into  glycerol  and  fatty  acids 

In  addition  to  the  enzymes  secreted  by  the  digestive  tract,  otliei 
digestive  enzymes  are  secreted  by  bacteria  in  the  colon.  In  man  and 
the  carnivores  bacterial  enzymes  are  not  very  important,  but  the  cell 
lose-digesting  enzymes  secreted  by  bacteria  are  vital  to  herbivorous 
animals  Termites  afford  an  extreme  example  of  the  dependence  of  one 
organism  on  another  for  a  digestive  enzyme.  These  an.nuds  are  voraa^ 
wood  eaters  yet  they  have  no  enzymes  for  digesting  it.  In  their  intes 

~ ruts* 

environment;  in  fact  they  ca  .  iAffPiiipr  in  a  close 

mutualism  or  symbiosis 

(see  p.  102) . 
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XIII.  METHODS  OF  STIMULATING  TIIE  DIGESTIVE  GLANDS 


Each  of  the  glands  secreting  enzymes  must  be  stimulated  to  give  off 
its  product  at  the  proper  time.  It  would  be  wasteful  and  even  harmful 
if  the  glands  secreted  constantly.  The  coordination  of  the  flow  of  the 
digestive  juices  with  the  presence  of  food  is  achieved  in  two  ways — by 
the  brain  and  by  hormones.  Hormones  are  chemical  substances  secreted 
in  one  part  of  the  body  and  carried  by  the  blood  stream  to  another  part 
where  they  produce  a  specific  effect. 

The  salivary  glands  are  controlled  entirely  by  the  nervous  system. 
Either  smelling  or  tasting  food  stimulates  nerve  cells  in  the  nose  or 
mouth  to  send  impulses  to  the  salivation  center  in  the  medulla  of  the 
brain;  these  are  relayed  to  the  salivary  glands,  causing  them  to  secrete 
saliva.  The  mere  mechanical  presence  in  the  mouth  of  tasteless,  odorless 
objects,  such  as  pebbles,  stimulates  other  cells  in  the  lining  of  the  mouth 
which  act  similarly  to  cause  salivation.  Or  impulses  may  come  from  the 
higher  centers  of  the  brain — simply  seeing  or  thinking  of  food  can  bring 
about  salivation.  The  salivary  glands  will  respond,  then,  to  chemical, 
mechanical  or  psychic  stimuli.  It  is  necessary  to  have  the  flow  of  saliva 
under  rapid  nervous  control,  since  the  food  remains  in  the  mouth  such 
a  short  time. 


Much  of  our  knowledge  of  the  mechanism  controlling  the  secretion  of 
gastric  juice  we  owe  to  the  Russian  physiologist,  Pavlov,  who  devised 
many  experimental  techniques  (such  as  the  Pavlov  pouch)  and  per¬ 
formed  many  critical  experiments.  One  of  these  was  to  sever  the 
esophagus  of  a  dog  bringing  the  two  cut  ends  to  the  surface  of  the  neck 
so  that  when  the  dog  was  fed,  the  food,  instead  of  going  to  the  stomach, 
went  out  through  the  hole  in  the  neck.  Although  the  food  was  not  used, 
such  a  sham-feeding”  caused  a  flow  of  gastric  juice,  about  one  quarter 
of  the  normal  amount  (the  normal  amount  of  gastric  juice  in  man  is 
400  to  800  cc.  per  meal) .  This  quarter  of  the  normal  flow  is  stimulated 
by  nerve  impulses  originating  in  the  taste  buds,  or  in  the  eye,  and  pass- 

h™in'  whence  they  ?°  t0  the  stomach.  The  flow  is  completely 
abolished  when  the  nerves  to  the  stomach  are  cut.  By  putting  food  into 

the  cut  end  of  the  esophagus  leading  to  the  stomach,  and  preventing  the 
dog  from  seeing  smelling  or  tasting  it,  about  half  the  normal  flow  would 
be  stimulated  when  the  food  reached  the  stomach.  This  flow  occurs  even 
when  the  nerves  to  the  stomach  are  cut,  although  in  reduced  amount.  It 
erefore  depends  in  part  on  nervous  stimulation  of  the  gastric  glands  bv 

cZd'gasW™  thC  St°mach  lining’  and  !n  Part  «  hormone 

Gastrin  is  formed  by  the  cells  of  the  mucosal  layer  of  the  pyloric  part 
l‘h?  *,t0fma.ch  and  '?  dlscharged  into  the  blood  stream  whenever  partly 

ft"""*  hegif„To" within  a 

0"e  anoth0°WhSt0,fn 

°f  °”e  **'  the  gastric  ^d-  the 

-  twoW  thr^r^t^^r^d^s 
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have  been  caused  by  the  substance  carried  by  the  blood,  the  hormone 
gastrin. 

Finally,  some  secretion  of  gastric  juice  is  caused  by  the  presence  of 
food  in  the  intestine.  Perhaps  amino  acids,  absorbed  into  the  blood 
from  the  small  intestine,  are  responsible  for  this,  or  it  may  be  caused 
by  some  as  yet  unrecognized  reflex  or  hormone.  The  operation  of  so 
many  different  mechanisms  enables  the  stomach  to  provide  the  proper 
amount  of  gastric  juice  for  the  type  of  food  eaten.  A  meal  high  in  protein 
content  causes  a  copious  amount  of  gastric  juice  to  flow;  a  meal  with 
little  protein  and  much  carbohydrate  causes  a  moderate  flow;  while  one 
with  a  high  fat  content  causes  a  small  flow. 


p-  10o  Control  of  the  release  of  pancreatic  digestive  juices  by  the  hormone  secretin. 

T l  nil 

anUniulates  then,  to  fotn,  secret,,, 

some  of  the  secretin  molecules  pass  m  °  h  the  heart  and  Jungs,  is  carried  via  the 

D,  Some  of  the  secretin,  after  ha  g  P  ■  lates  tjie  cells  to  secrete  pancreatic  juice. 

1  whitrrrpatreatic  duct)  flows  into  the  small  intestine.  (From  the 
sound  film:  Digestion  of  Foods.) 


The  stimulation  of  the  pancreas  depends  ^^'intes'ul 

given  off  by  cells  in  the  lining  o  t  ie ^  ttppei ^pa  food  entering  the 

These  in  turn  are  stimulated  by  the  aci  experimentally  by 

intestine  from  the  stomach,  t  y  intestine  Normally,  as  the 

introducing  acid  into  the  cavity  o  the  the  cells  in' the  wall 

acid  chyme  enters  the  smal!  mtes  ^  ^  jntestine  The  hormone, 

to  give  off  secretin  into  the  u  hes  the  pan- 

carried  by  the  prepared  (Fig.  .0.) 

Secret  hi  also  cruises  In  increased  production  of  bile  by  the  liver. 
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When  the  nerves  to  the  pancreas  are  stimulated,  little  secretion  results, 
and  when  they  are  cut,  there  is  little  or  no  suppression  of  the  flow,  indi¬ 
cating  that  its  secretions  are  almost  entirely  dependent  on  secretin. 

XIV.  COMPARISON  OF  DIGESTIVE  SYSTEMS  OF  OTHER  ANIMALS 

The  chemistry  of  digestion  and  the  enzymes  involved  are  much  the 
same  in  man  as  in  the  ameba,  but  the  protozoa,  whose  bodies  consist 
of  single  cells,  do  not,  of  course,  have  any  digestive  system.  Digestion  in 


A, FORMATION  OF  A  FOOD  VACUOLE  IN  AN  AMEBA 


Ectoderm 

Food 

Entoderm 

Enzymes  Secreted 
Food  Absorbed 


.Ectoderm 

.Mesoderm 
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.Enzymes 

.Stomach 

Absorbed  Food 
Food  Particles 


Food 

Wastes 


B,  HYDRA 


C,  FLAT  WORM 


Food  Pharynx  Crop  Intestine  Absorbed  Food  Wastes 


j 

Srrrml 

\  \  \  \  \ 

Mouth 

Esophagus 

3izzord  Enzymes  Anus 

D,  EARTHWORM 
Fig.  103.  Digestion  in  some  of  the  lower  animals. 

protozoa  is  intracellular,  occurring  within  the  single  cell  which  is  the 
entire  animal  An  ameba  engulfs  a  bit  of  food  by  oozing  around  it  and 
ormmg  a  food  vacuole  in  which  the  food  is  shaped  into  a  ball  and  sur 
rounded  by  a  membrane  (Fig.  103) .  Digestion  occurs  within  this  vacuole 
as  .t  emulates  m  the  cytoplasm.  The  digestive  enzymes ^manuflctur”d 
y  the  cytoplasm  are  poured  into  the  vacuole  and  digest  the  food  inside 

wall  intn^th  T  °0d  m°!eCUleS  Me  then  Sorbed  through  the  vacuole 
Th^h  l^e  Cy  H?  aSI?’  where  they  are  ass'milated  or  used  for  energy 
The  hydra,  although  multicellular,  has  no  differentiated  organs  and 
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therefore  can  have  no  digestive  system.  The  body  consists  of  two  layers 
of  cells  (Fig.  103)  ,  an  outer  layer  of  ectoderm  for  protection  and  an  inner 
entoderm.  Only  the  cells  of  the  entoderm  are  capable  of  digestion.  Food, 
consisting  of  smaller  animals  and  plants  caught  by  the  tentacles,  enters 
the  central  cavity  via  the  one  central  opening  of  the  body.  The  entoderm 
cells  secrete  enzymes  into  this  cavity,  where  the  food  is  broken  down  into 
small  pieces  and  then  absorbed  into  the  entoderm  cells,  where  digestion 
is  completed.  Digestion  is,  then,  partly  extracellular,  occurring  in  the 
space  outside  the  cells,  and  partly  intracellular.  There  is  no  anal  aperture; 
undigested  wastes  are  excreted  via  the  opening  through  which  food  enters. 

In  the  flatworm,  planaria,  the  digestive  organs  are  the  mouth,  pharynx 
and  stomach;  as  in  hydra,  there  is  no  anus,  and  food  enters,  and  wastes 
leave,  by  the  same  aperture  (Fig.  103) .  The  stomach  is  greatly  branched 
and  extends  throughout  most  of  the  body,  facilitating  the  distribution  of 
digested  and  absorbed  food.  Digestion  is  both  extracellular  and  intra¬ 
cellular  and  is  carried  on  by  the  entoderm  cells.  These  animals  have  the 
peculiar  ability  of  digesting  their  own  organs  when  starved,  and  so  can 
go  for  many  months  without  eating.  The  organs  of  the  body  slip,  cell  by 
cell,  into  the  cavity  of  the  stomach  and  are  digested. 

The  next  stage  in  the  evolution  of  the  digestive  system  is  demon¬ 
strated  in  the  earthworm.  This  animal  has  a  complete  digestive  system 
with  two  apertures,  mouth  and  anus,  so  that  food  travels  a  one-way 
traffic  road.  The  system  consists  of  a  mouth,  a  muscular  pharynx,  which 
is  capable  of  turning  inside  out  and  extending  through  the  mouth  to 
bring  food  inside,  an  esophagus,  a  soft-walled  crop  where  food  is  stored, 
a  hard,  muscular  gizzard  where  it  is  ground  up  with  the  aid  of  small 
pebbles  taken  in  with  the  food,  a  long  straight  intestine  where  extra¬ 
cellular  digestion  occurs,  and  an  anus  through  which  undigested  wastes 

pass  (Fig.  103)  .  ,. 

As  the  higher  animals  such  as  the  vertebrates  evolved,  this  system 

was  gradually  elaborated  and  organs  added,  resulting  m  the  complex 
human  mechanism  we  have  just  discussed.  The  digestive  system  of  the 
vertebrates  from  fish  to  man  is  similar,  and  in  all  animals,  from  lowest 
to  most  complex,  the  chemistry  of  digestion  and  the  enzymes  involved 

are  much  alike. 

QUESTIONS 

I!  state  what  functions  each  per- 

U  WhyS  Lmportan Lr^ digestion?^ is  it  manufactured,  and  how  does  it  reach 


forms. 


the  food? 


6  :::  °<  ^  * 


juice 


?:  Discuss  how  glucose  and  atniuo  acids  arc  absorbed.  How  docs  this  process  differ  from 

thC 8  b What  are  enzymes,  each  one  acts  upon. 

9.  Name  the  enzymes  of  the  digestive  .  own  secretions? 

10  What  prevents  the  stomach  from  being  digeste  y 

H  What  controls  the  secretion  of  the  digestive  enzymes.  &  flatworm  and  an  earth- 

12.  Discuss  the  way  digestion  occurs  in  a  parameciu  ,  y  . 

"T  Describe  the  path  taken  by  a  molecule  ot  sugar  from  the  mouth  to  the  User. 
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CHAPTER  12 


METABOLISM  AND  NUTRITION 


FOOD  may  be  defined  as  any  substance  taken  into  the  body  which 
can  be  utilized  for  the  release  of  energy,  for  the  building  and  repair 
of  tissues,  or  for  the  regulation  of  body  processes.  This  broad  classifica¬ 
tion  includes  carbohydrates,  fats,  proteins,  water,  mineral  salts  and 
vitamins.  The  first  three  are  energy  producers;  the  latter  three,  though 
not  energy  producers,  are  equally  essential  to  life. 

After  being  taken  into  the  body,  foods  participate  in  a  variety  of 
chemical  reactions,  and  these,  plus  all  the  other  chemical  activities  of 
the  organism,  go  under  the  name  of  metabolism.  The  metabolic  process 
is  one  of  the  outstanding  characteristics  of  living  things.  After  foods  are 
absorbed  from  the  intestine  they  are  either  built  into  new  tissue  or 
oxidized  to  provide  energy.  Some  of  this  energy  is  used  in  the  building 
of  new  tissue,  some  in  the  functioning  of  the  cells  (transmission  of  nerve 
impulses,  contraction  of  muscles,  secretion  of  enzymes,  and  so  forth) , 
and  some  appears  as  heat.  The  chemical  processes  involved  in  the  build¬ 
ing  up  of  substances  to  make  new  tissue,  or  for  storage,  are  referred  to 
as  anabolism.  The  opposite  term,  catabolism,  refers  to  chemical  pro¬ 
cesses  which  break  down  complex  substances  to  simpler  ones,  releasing 
energy.  There  are  many  ways  of  subdividing  the  general  field  of  meta¬ 
bolism.  We  may  study  the  metabolism  of  a  single  tissue— e.g.,  liver 
metabolism— or  we  may  study  the  chemical  reactions  undergone  by  a 
particular  kind  of  food.  Carbohydrate  metabolism,  for  example,  includes 
all  the  chemical  reactions  which  starches  and  sugars  undergo  from  the 
time  they  are  taken  in,  until,  after  digestion  and  absorption,  they  are 
stored,  converted  into  something  else,  or  oxidized  for  energy  and  leave 


the  body  as  carbon  dioxide  and  water. 

Human  beings,  unlike  many  other  animals,  can  adapt  to  a  variety 
of  diets.  We  are  able  to  operate  quite  well  on  one  made  up  chiefly  o 
protein  with  only  small  amounts  of  fats  and  carbohydrates  on  one 
composed  mainly  of  carbohydrate,  with  small  amounts  of  proteins  and 
fats  or  even  on  one  that  is  primarily  fat  w.th  small  amounts  of  the 
others.  The  diet  of  Eskimos  is  an  example  of  the  last. 

The  energy  requirements  of  the  body  are  expressed  in  terms  of  the 
Calorie  whfd,  i!  the  amount  of  heat  required  to  «  ' 
water  1  degree  Centigrade*  Although  the  body  can  obtain  the  greate 
Dart  of  its  energy  requirements  from  any  of  the  three  types  of  fuels,  t 

•  A  chocolate  cream,  containing  100  calories,  could,  if  all  its  energy  were  utilized,  bong  a 
kilogram  of  water  from  the  freezing  to  the  bo.l.ng  point. 
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In  the  average  American  diet  about  two  thirds  of  the  energy  used  daily 
conies  from  carbohydrates  and  one  sixth  each  from  proteins  and  fats. 


I.  TIIE  BASAL  METABOLIC  RATE 


The  daily  expenditure  of  energy  varies  widely  from  person  to  person, 
depending  on  activity,  age,  sex,  weight  and  body  proportions.  In  order 
that  doctors  may  make  comparisons  between  the  metabolic  rates  of 
different  people  and  detect  abnormally  low  or  high  rates,  the  conditions 
under  which  metabolism  is  measured  must  be  standardized.  If  a  person 
is  reclining  at  complete  rest,  at  least  twelve  hours  after  his  last  meal, 
the  energy  used  from  moment  to  moment  keeps  the  heart  beating  and 
the  breathing  movements  going,  but  most  of  it  is  used  to  maintain  the 
body  temperature.  The  amount  of  energy  expended  by  the  body  just  to 
keep  alive,  when  no  food  is  being  digested  and  no  muscular  work  is  being 
done,  is  called  the  basal  metabolic  rate.  The  basal  metabolic  rate  for 
young  adult  men  is  about  1000  Calories  per  day;  for  women  it  is  about 
5  per  cent  less.  In  other  words,  if  a  young  adult  remained  in  bed  for 
twenty-four  hours  without  eating  or  moving  he  would  expend  about 
1600  Calories  in  keeping  alive.  By  making  thousands  of  determinations  of 
the  basal  metabolic  rate  on  different  people,  tables  have  been  established 
giving  the  normal  basal  metabolic  rate  for  a  given  age,  sex  and  total 
body  area.  The  rate  is  proportional  to  the  surface  area  of  the  body, 
which  can  be  calculated  Irom  the  height  and  weight.  A  normal  young 
adult  uses  40  Calories  per  square  meter  of  body  surface  per  hour. 

The  higher  the  temperature  of  the  body,  the  more  rapidly  chemical 
reactions  occur,  the  basal  metabolic  rate  increasing  about  5  per  cent 
for  each  degree  of  rise  in  temperature.  This  is  the  primary  reason  why 
weight  is  lost  during  feverish  illnesses. 

.The  basal  metabolic  rate  can  be  determined  directly  by  measuring  the 
heat  given  off.  The  subject  is  placed  in  an  insulated  chamber  sur¬ 
rounded  by  water,  and  the  increase  in  the  temperature  of  the  air  in  the 
chamber  and  the  surrounding  water  is  measured.  The  simpler  clinical 
method  is  to  determine  the  person’s  oxygen  consumption  over  a  short 
period  of  time.  Since  the  release  of  energy  and  the  production  of  heat 
depend  on  the  uniting  of  oxygen  with  glucose  and  other  foods  the 
amount  of  heat  produced  can  be  calculated  from  the  amount  of  oxygen 


1.  Energy  Requirements.  If  a  person  remains  in  bed  for  twenty-four 
ours  and  receives  nourishment,  he  will  expend  about  1800  Calories  the 
extra  200  bemg  required  for  movements  of  the  muscles  of  the  dige^Uve 
.  and  for  secretion  of  the  digestive  juices.  A  person  living  a^eden- 
tary  life  uses  about  2500  Calories  per  day,  the  additional  TOO^upplyirm 

ofthge\°rrtraCtl0,n  °f  the  body  muscles  and  the  additional  work 

of  the  heart,  since  it  beats  faster.  With  heavy  physical  work  the 

expenditure  of  energy  may  reach  6000  Calories  ‘  ’  y 

When  the  number  of  Calories  taken  in  no  f^A  •  ,  ,  , 

energy  requirement,  the  body  weight  does  not  eh  ^  ances  the 

achieve  a  balance  between  the  intake  and  ont.rn  !  r  ^  M°St  pe°ple 

weight  remains  remarkably  constant  for  years  Thtre  is  a'te  d"d  ‘‘T" 
middle-aged  people  to  gain  weiaht  l  *  i  inere  is  a  tendency  for 

appetite,  decreases  with  age  8  Physical  activity,  but  not 
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\\  lien  the  caloric  intake  is  less  than  the  daily  energy  requirement  the 
body  must  draw  on  its  stored  materials.  The  first  to  be  used  are’  the 
carbohydrates,  stored  as  glycogen  (sometimes  called  animal  starch)  in 
the  liver  and  muscles.  These  are  exhausted  within  twenty-four  hours. 
Next,  fat  is  withdrawn  from  storage  in  the  fat  deposits  of  the  body 
and  used  to  supply  energy.  The  average  adult  male  has  about  9  kilo¬ 
grams  and  the  average  adult  woman  about  11  kilograms,  of  stored  fat 
(about  15  per  cent  and  21  per  cent,  respectively,  of  the  total  weight) . 
The  calories  from  the  stored  fat  will  supply  energy  for  five  to  seven 
weeks  of  life.  Finally,  when  the  carbohydrate  and  fat  reserves  are  used 
up,  the  body  begins  to  consume  its  own  structural  materials,  the  pro¬ 
teins,  first  of  the  less  essential  organs,  then  of  the  essential  ones  (the 
brain,  heart  and  other  internal  organs),  until  death  occurs. 


II.  THE  FUELS 


2.  Carbohydrates.  Sugars  and  starches  are  the  principal  sources  of 
energy  in  the  ordinary  human  diet,  but  they  are  not  essential  to  the 
body  in  any  way;  it  could  obtain  energy  as  well  from  a  mixture  of  pro¬ 
tein  and  fat.  Carbohydrates  are  the  cheapest  foods  commercially,  and 
the  fact  that  the  average  diet  contains  large  amounts  of  them  is  due 
primarily  to  this  economic  factor.  In  addition  to  sugars  and  starches, 
such  substances  as  the  citric  acid  of  citrus  fruits  and  the  malic  acid  of 
apples  and  tomatoes  are  carbohydrates  and  serve  as  sources  of  energy. 

3.  Fats.  Fats  and  oils  are  the  most  concentrated  foods,  since  they  not 
only  supply  more  than  twice  as  many  calories  per  gram  as  carbohy¬ 
drates  and  proteins,  but  also  contain  less  water  than  these  substances. 
They  are  digested  and  absorbed  more  slowly  than  other  foods,  so  that 
one  does  not  become  hungry  after  a  meal  rich  in  fats  as  soon  as  after 
one  of  proteins  and  carbohydrates.  However,  meals  that  contain  too 
high  a  proportion  of  fat  are  to  be  avoided,  because  the  body  is  unable 
to  oxidize  fats  completely  unless  a  sufficient  amount  of  carbohydrate  is 


oxidized  simultaneously.  . 

Fats  are  broken  down  into  glycerol  and  fatty  acids.  The  body  is  able 
to  synthesize  most,  but  not  all,  of  the  fatty  acids,  and  the  few  which 
cannot  be  synthesized  must  be  taken  in  with  the  diet;  hence  they  are 
called  “essential  ”  The  required  amounts  of  them  are  small,  and  pro¬ 
vided  by’  almost  any  diet.  The  fact  that  they  are  essential  was  discov¬ 
ered  only  when  animals  were  raised  on  highly  purified  diets  from  which 
fat  had  been  removed  chemically.  Fats  and  oils  are  important  also  be¬ 
cause  they  contain  fat-soluble  vitamins. 

4  Proteins.  Proteins  are  the  most  expensive  of  the  three  types  of 
fuels,  and  the  amount  of  protein  in  the  diet  largely  depends  on  the  per¬ 
son's  income.  Because  the  body  is  constantly  tearing  down  and  re¬ 
placing  the  protein  in  protoplasm,  there  must  be  a  constant  suppy 
protein  in  the  food,  even  for  adults  whose  growth  has  ceased  and  n 
whom  there  is  no  increase  in  the  total  amount  of  protoplasm.  In  grow¬ 
ing  children,  pregnant  women  and  people  recovering  from  wasting  dis- 

®  •  „1|  n„ODie  that  is  whose  cells  arc  manufacturing  more  proto 

D^asm~tha n  i s^ei n g  destroyed  each  day-the  protein  intake  must  exceed 
the  output.  It  is  difficult  to  say  just  how  much  is  necessary  in  the  ( i 
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to  maintain  health,  since  that  depends  on  the  kind  eaten  and  the  amount 
of  other  substances  in  the  diet.  You  will  remember  that  proteins  are 
made  up  of  smaller  units  known  as  amino  acids,  of  which  there  are 
twenty-five  different  kinds.  Proteins  differ  widely  in  the  number  and 
kind  of  amino  acids  they  contain.  When  the  body  cells  are  synthesizing 
a  particular  type  of  protein,  all  the  specific  amino  acids  which  make  it 
up  must  be  available.  If  they  are  not,  or  are  present  in  inadequate 
amounts,  the  protein  cannot  be  made.  Animal  cells  can  manufacture 
certain  amino  acids,  but  not  all  of  them,  and  the  ones  they  cannot 
synthesize,  called  “essential  amino  acids,”  must  be  supplied  in  the  diet. 
There  are  ten  of  these  essential  amino  acids,  and  proteins  which  con¬ 
tain  all  of  them  in  adequate  amounts  are  called  “adequate  proteins.” 
Milk,  meat  and  eggs  contain  biologically  adequate  proteins,  but  the  pro¬ 
tein  in  corn  (zein)  lacks  two  essential  amino  acids,  so  that  an  animal 
raised  on  a  diet  of  which  corn  is  the  sole  source  of  protein,  loses  weight 
and  dies.  If  the  two  amino  acids,  tryptophane  and  lysine,  are  fed  in 
addition  to  zein,  normal  growth  takes  place.  Gelatin  lacks  three  of  the 
essential  amino  acids.  By  eating  a  mixture  of  different  proteins,  one 
avoids  any  danger  of  suffering  from  a  deficiency  of  any  of  the  essential 
amino  acids.  But  since  the  diet  must  contain  an  adequate  quantity  of 
all  the  essential  ones,  the  total  amount  of  protein  necessary  to  maintain 
health  is  that  which  provides  a  sufficiency  of  even  the  least  plentiful 
Experiments  have  shown  that  it  is  possible  for  an  adult  to  maintain 
health  on  as  little  as  25  gm.  of  protein  per  day,  but  larger  amounts, 
from  / 0  to  100  gm.,  are  desirable.  If  an  excess  of  protein  is  ingested  it 
is  converted  into  fat  or  carbohydrate  to  be  stored,  or  used  for  energy. 

The  element  nitrogen  is  found  in  proteins,  but  not  in  carbohvdrates 

the  food^n.  ^  TafUr,ng  thle1amount  of  *  in  the  urine  and  feces  and  in 
mnint  •  •  ges^d' ll  ls  possible  to  determine  whether  or  not  the  body  is 
maintaining  nitrogen  and  therefore  protein  equilibrium 

tn  r  Prlt6in  is  Caten’  the  metabolic  rate  increases  temporarilv 

.lch.  as  30  ber  cent  above  the  basal  level,  which  is  believed  to 

carbohydrate  tTT  aml^Sr, 

3®  *  fatT  T,',s  Phenomenon  is  called  the  specific  dynamic 

HI.  THE  METABOLISM  OF  CARBOHYDRATES.  FATS  AND  PROTEINS 

to  'their  thTwa^of  te''  °f  " 

and  carbohydrates  being  Absorbed  into  th^  af  -  ,ntest,"e— Proteins 
fats  by  wav  of  the  lymph  test  If  rl,  m  ca*"Ilar,,es  of  ,the  villi,  and 
acids  and  simple  sugars  are  carried  ft  th  V  '  T  a  iKor,ltlon  the  amino 
portal  vein.  Perhapt,  original?"  the  ^  ***  °f  ,the  ^tk 

only,  bnt  during  the  evolutionary  nm  "ns  important  in  digestion 
tions  and  is  now  a  'eC3'? ^?nTlaS^!med  other  func” 


tions  and  is  now  a  chemical  acir  ’fin,  ’]  *SS"med  man-V  other  func- 
detoxifying  certain  harmful  substances-  ittTarV-  Pr"tef '  the  bod-V  >>.v 
interconversion  of  carbohvdrates  fats  and  ,l.Ve  '?  tbe.  storage  a 
the  metabolism  of  hemoelobin-  i't  ‘  Pr<!tcm.s/>  't  is  important 


ie  metabolism  of  hemoglobin;  it  storetceST '^Tr^C 
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tures  substances  necessary  for  the  coagulation  of  the  blood;  and  it  con¬ 
verts  some  of  the  harmful  waste  products  produced  by  the  metabolism 
of  other  body  cells  to  less  harmful,  more  soluble  ones  which  can  be 
excreted  by  the  kidneys. 

5.  Carbohydrate  Metabolism.  Three  kinds  of  simple  sugars — glucose, 
fructose,  and  galactose — are  derived  from  the  breakdown  of  different 
kinds  of  double  sugars  and  are  absorbed  from  the  digestive  tract.  From 
there  they  pass  to  the  liver,  which  converts  the  other  simple  sugars  to 
glucose  and  stores  them  all  as  glycogen.  Glycogen  is  nothing  more  than 
a  collection  of  glucose  molecules  bound  together  chemically  for  storage. 

The  role  of  the  liver  in  storing  carbohydrates  was  discovered  by  the 
French  physiologist,  Claude  Bernard.  He  analyzed  the  glucose  content 
of  blood  entering  and  leaving  the  liver  just  after  a  meal  and  found  a 
much  higher  concentration  of  sugar  in  the  blood  entering  the  liver  than 
in  that  leaving  it.  Analysis  of  the  liver  showed  that  new  glycogen  ap¬ 
peared  simultaneously.  Later  the  liver  reconverts  the  glvcogen  to  glucose 
with  a  resulting  higher  concentration  of  glucose  in  the  blood  leaving  the 
liver  than  in  that  entering  it.  In  this  way  Bernard  discovered  that  the 
liver  keeps  the  glucose  concentration  of  the  blood  more  or  less  constant, 


throughout  the  day. 

The  liver  can  store  enough  glycogen  to  supply  glucose  for  about 
twelve  to  twenty-four  hours;  after  that  it  must  maintain  the.  normal 
glucose  level  of  the  blood  by  converting  other  substances,  principally 
amino  acids,  into  glucose.  If  the  supply  of  protein  is  sufficient  up  to  60 
per  cent  of  the  amino  acids  ingested  can  be  converted  by  the  liver  into 

"  Since  glucose  is  the  primary  source  of  energy  for  all  cells,  its  concen¬ 
tration  in  the  blood  must  be  maintained  above  a  certain  minimum  level, 
about  (in  mg  per  100  cc.  of  blood.  The  brain  is  the  first  organ  to  suffer 
when  the  concentration  falls  below  this,  because  in  contrast  o  most 
other  cells  of  the  body,  the  brain  cells  are  unable  to  store  any  appre¬ 
ciable  quantity  of  glucose  and  they  cannot  use  fats  or  amino  acids 
sources^  of  energy.  When  the  glucose  level  -  'ow  the  rhffusion  of  th 
substance  from  the  blood  stream  into  the  cells  where  it  is  oxidize 
not  fast  enough  to  supply  the  brain  with  adequate  fuel  This ^resulfc  ™ 
symptoms  similar  to  those  accompanying  a  lack  o' f  oxyg 

muscle  glycogen  serves  main  y  as  a  blood  glucose  level, 

cular  work,  and  is  not  important  in  regular > h  i -Iff 

Besides  being  f^s  fyco^  o s,fppI*  glucose 

be  transformed  mto  fa‘  f  .  fiver  converts  it  into  fat,  to  be  used 

exceeds  the  immediate  ne  ,  been  known  for  many  years  that 

for  energy  at  some i  later  time  It  h  b  fatlening.  thus  starch  in 

IheTormTf  ‘cT  of eaten  by  cattle  and  pigs  is  converted  into 
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the  fat  of  butter  and  bacon.  But  only  recently,  with  the  use  ol  radio¬ 
active  or  stable  isotopes,  has  it  been  possible  to  demonstrate  that  a 
particular  carbon  or  hydrogen  atom  put  into  the  body  as  carbohydrate 
can  be  recovered  in  the  fat  of  adipose  tissue  and  liver.  . 

The  functioning  of  the  liver  in  carbohydrate  metabolism  is  regulated 
by  a  complex  interaction  of  four  hormones— one  from  the  pancreas,  one 
from  the  adrenal  medulla,  one  from  the  adrenal  cortex,  and  one  from 

the  pituitary. 

6.  Fat  Metabolism.  Each  species  of  animal  or  plant  deposits  tat  with 
particular  kinds  of  fatty  acids;  hence  when  we  eat  beef  fat  or  olive  oil, 
it  must  be  changed  into  the  type  of  tat  characteristic  of  human  beings. 
This  is  done  by  the  liver,  which  also  converts  the  absorbed  fat  into  a 
form  which  can  be  stored  in  adipose  tissue.  The  fat  in  such  tissue,  be¬ 
sides  being  available  as  a  source  of  energy  when  needed,  serves  as  a  sup¬ 
porting  cushion  for  certain  internal  organs  and  as  an  insulating  layer 
under  the  skin,  preventing  too  rapid  heat  loss.  The  liver  also  partially 
breaks  down  fats  so  that  they  can  be  oxidized  by  other  tissues.  There 
is  evidence  that  unless  glucose  is  being  metabolized  at  the  same  time, 
the  oxidation  of  fats  does  not  occur  properly. 

Diabetics,  in  whom  the  metabolism  of  carbohydrates  is  interfered 
with,  have  abnormal  fat  metabolism  also,  and  certain  injurious  inter¬ 
mediate  products  (called  acetone  bodies)  resulting  from  the  breakdown 
of  fats  tend  to  accumulate  in  their  blood.  In  addition,  large  amounts  of 
fat  collect  in  the  liver,  a  symptom  which  occurs  in  certain  other  abnor¬ 
malities  of  liver  function. 

Fats,  as  well  as  proteins,  make  up  the  structure  of  protoplhsm,  es¬ 
pecially  the  nuclear  and  plasma  membranes,  to  which  they  give  the 
property  of  semipermeability. 

Fat  metabolism  is  controlled  partly  by  hormones  from  the  pituitary 
and  adrenals,  and  partly  by  sex  hormones,  but  the  details  of  this  regula¬ 
tion  are  not  clear.  Any  severe  disturbance  of  liver  function  results  in  the 
almost  complete  absence  of  fat  from  the  usual  adipose  tissues,  indi¬ 
cating  that  fat  must  be  acted  upon  in  some  way  by  the  liver  before  the 
body  can  use  it  for  storage  or  as  a  source  of  energy. 

7.  Protein  Metabolism.  Most  of  the  amino  acids  entering  the  liver 
from  the  hepatic  portal  vein  are  removed  from  the  blood  and  stored 
temporarily.  Later,  some  of  them  are  returned  to  the  blood  and  carried 
to  other  cells  to  be  incorporated  into  new  protoplasm.  Recent  experi¬ 
ments,  using  amino  acids  labeled  with  the  isotope  N15,  or  “heavv” 

nitrogen,  have  shown  that  the  body  proteins  are  constantly  and  ranidlv 
being  torn  down  and  rebuilt. 


If  there  are  more  amino  acids  in  the  diet  than  are  necessary  to  main¬ 
tain  die  protoplasm,  liver  cell  enzymes  remove  the  amino  croup  from 
ammo  acids,  a  process  called  deamination.  Other  enzymes,  by  combin¬ 
ing  the  spl,t-ofl  am.no  groups  with  carbon  dioxide,  convert  them  into 
waste  product,  urea,  which  is  carried  by  the  blood  stream  to  the 

mainTS  *  f!  d'minated lhe  urine-  The  parts  of  the  amino  acids  re- 
ing  a  tci  deamination  are  simple  organic  acids  converted  hv  th 

rs  «r  '“irr  *“*•" » *  «■ 

tat.  there  is  little  or  no  storage  of  proteins  as  such  in  the  body; 
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the  proteins  the  body  draws  upon  when  carbohydrates  and  fats  are  ex¬ 
hausted  are  not  stored  proteins,  but  are  the  actual  substance  of  the 
protoplasm  of  the  cells. 

The  hormonal  control  of  protein  metabolism  is  even  more  obscure 
than  that  of  lipids.  Since  growth  is  essentially  the  deposition  of  new 
protein  in  protoplasm,  the  growth  hormone  of  the  pituitary  plays  some 
part  in  it,  but  its  nature  is  unknown.  One  of  the  hormones  from  the 
adrenal  cortex  is  also  involved  in  the  control  of  protein  metabolism. 


IV.  OTHER  COMPONENTS  OF  THE  DIET 


8.  Minerals.  Some  fifteen  elements  are  known  to  be  essential  as  min¬ 
eral  salts  in  the  diet,  of  which  a  few  are  needed  only  in  traces.*  The 
constant  loss  of  mineral  salts  from  the  body  (about  30  gm.  per  day)  in 
the  urine,  sweat  and  feces  must  be  balanced  by  the  intake  of  equal 
amounts  in  the  food.  A  diet  that  contains  no  minerals  is  more  rapidly 
fatal  than  no  food  at  all,  because  the  excretion  of  wastes  from  the 
metabolism  of  carbohydrates,  fats  and  proteins  requires  the  simultane¬ 
ous  excretion  of  a  certain  amount  of  salt  (to  keep  the  pH  of  the  blood 
constant) .  Thus,  a  salt-free  diet  actually  exhausts  the  body  reserve  of 
salts.  Deficiencies  of  minerals  are  rather  rare,  since  meat,  cheese,  eggs, 
milk  and  vegetables  are  rich  sources  of  them.  But  deficiencies  of  iron, 
calcium  and  iodine  do  occur. 

Since  blood  and  other  body  fluids  are  about  0.9  per  cent  salt,  and 
most  of  this  is  sodium  chloride  (common  table  salt) ,  sodium  and  chlo¬ 
rine  are  important  in  maintaining  osmotic  balance  in  the  body.  These 
elements  are  important  components  of  the  secretions  of  the  diges¬ 
tive  tract — the  hydrochloric  acid  of  the  stomach,  and  the  pancreatic 
and  intestinal  juices.  The  salts  in  these  secretions  are  reabsorbed 
and  used  over  again,  so  that  the  loss  of  salts  via  the  digestive  tract  is 
negligible.  The  daily  requirement  for  sodium  chloride  varies  widely  and 
depends  on  the  amount  lost  in  perspiration.  Men  doing  heavy  work  in 
hot  places—  for  example,  “sand  hogs”  digging  tunnels— must  drink  salt 
water  instead  of  plain  water,  or  the  amount  of  salt  in  the  blood  will 
decrease,  resulting  in  muscular  cramps  and  heat  exhaustion. 

Potassium  and  magnesium  are  necessary  for  muscle  contraction,  as 
well  as  for  the  functioning  of  many  enzymes.  . 


Calcium  and  phosphorus  are  the  chief  constituents  of  bones  and 
teeth  and  a  deficiency  in  childhood  of  either  one  (or  of  vitamin  D;  see 


hese  are  as  follows:  sodium  chloride,  2-10  gm.;  potas- 
)hosphorus,  1.5  gm.;  calcium,  0.8  gm.  (more  during 
.;  copper,  0.001  gm.;  manganese,  0.0003  gm.;  iodine, 


.;  iodine, 


0.00003  gm. 
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was  common  for  people  living  in  inland  regions  to  suffer  from  goiter. 
Now,  most  table  salt  is  fortified  with  small  amounts  of  potassium  iodide 
to  prevent  this. 

Iron  is  found  in  the  body  in  hemoglobin  and  in  certain  respiratory 
enzymes  (cytochromes) .  This  iron  is  used  over  and  over,  and  as  long 
as  there  is  no  loss  of  blood  the  amount  of  iron  needed  daily  in  the  diet 
is  negligible.  Because  women  lose  a  considerable  amount  of  blood  each 
month  by  menstruation,  they  are  more  likely  to  become  anemic,  due 
to  an  iron  deficiency,  than  are  men. 

Small  amounts  of  copper  are  necessary  in  the  diet  to  bring  about  the 
proper  utilization  of  iron,  and  for  normal  growth.  Traces  of  manganese, 
zinc  and  cobalt  are  also  required  for  normal  growth,  but  their  functions 
are  not  all  known.  Zinc  is  a  constituent  of  the  enzyme  carbonic 
anhydrase. 

9.  Water.  Water  makes  up  about  two  thirds  of  the  human  body  and 
is  an  essential  component  of  every  cell.  It  is  the  fluid  part  of  blood  and 
lymph,  and  is  the  medium  in  which  the  other  chemicals  are  dissolved 
and  in  which  all  chemical  reactions  occur.  It  is  indispensable  for  diges¬ 
tion.  since  the  splitting  of  carbohydrates,  proteins  and  fats  requires  a 
molecule  of  water  for  each  pair  of  sugar  molecules  or  amino  acid  mole¬ 
cules  separated.  Water  removes  metabolic  wastes,  distributes  and  regu¬ 
lates  body  heat,  and,  as  perspiration,  cools  the  body  surface.  The  amount 
of  water  lost  daily  averages  about  2  liters,  although  it  varies  with  indi¬ 
vidual  activities  and  the  climate.  The  loss  must  be  replaced  promptly; 
men  can  live  weeks  without  food,  but  only  a  few  davs  without  water.  All 
foods  contain  some  water,  and  some,  such  as  green  vegetables  and 
fruits,  may  contain  as  much  as  95  per  cent  water. 

10.  Condiments  and  Roughage.  Pepper  and  other  spices,  collectively 
known  as  condiments,  have  little  or  no  food  value  themselves,  but  are 
important  for  making  foods  more  palatable.  By  stimulating  the  appe¬ 
tite  they  help  insure  that  a  sufficient  quantity  of  food  is  eaten. 

We  have  already  discussed  the  importance  of  “bulk”  or  undigested 
matter  m  stimulating  the  movements  of  the  intestines  and  preventing 
constipation  The  diet  should  contain  some  indigestible  matter  for  this 
purpose  such  as  the  cellulose  material  from  vegetables  and  fruits. 

•  tp,*a/T1'nS  »^VC  ^ie  mos^  notable  biochemical  achievements 
since  the  turn  of  the  century  has  been  the  discovery  of  vitamins  and 
the  analysis  of  their  properties.  Vitamins  are  relativelv  simple  organic 
compounds  wh,ch.  though  present  in  such  scanty  amounts  that  they 
umnot  be  used  as  sources  of  energy,  are  absolutely  essential  to  life  The 

Ihcy  en  m'"*  are  ""lte  chemically,  but  are  similar  in' that 

be  nrZt  in  the  ^  animaI  ^  a"d  before  musl 

„  the  _d,et  111  smal]  amounts  for  metabolism  to  occur  nor 
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of  these  substances  was  unknown,  they  were  referred  to  as  vitamins  A, 
B  and  C,  which  prevented  night  blindness  and  rickets,  beriberi,  and 
scurvy,  respectively.  Today,  the  chemical  structure  of  nearly  all  of  them 
is.  known,  and  most  of  them  have  been  made  synthetically.  The  original 
vitamins  A  and  B  are  complexes  of  several  vitamins,  A  being  subdi¬ 
vided  into  A,  D  and  E,  while  vitamin  B  consists  of  almost  a  dozen  dif¬ 
ferent  ones.  The  vitamins  of  known  chemical  structure  are  usually  re¬ 
ferred  to  by  their  chemical  name;  e.  g.,  thiamine  rather  than  vitamin  B. 

The  distinction  between  vitamins  and  such  things  as  essential  amino 
or  fatty  acids  is  not  clear  cut;  the  latter  are  also  simple  organic  sub¬ 
stances,  essential  for  life,  which  cannot  be  made  by  the  animal  body  and 
must  be  taken  in  with  the  food.  They  are  needed  in  much  larger 
amounts,  however;  the  term  vitamin  is  reserved  for  the  substances  re¬ 
quired  by  the  body  in  very  small  quantities. 

The  average  adult  eating  a  normal  varied  diet  has  no  need  to  take 
vitamin  pills;  he  will  obtain  the  necessary  kinds  and  amounts  of  vitamins 
from  his  food.  Infants  and  younger  children,  whose  diets  are  more  re¬ 
stricted,  may  need  supplementary  amounts  of  certain  vitamins,  es¬ 
pecially  A  and  D.  The  vitamin  requirements  of  different  animals  are 
not  the  same;  most  animals  do  not  require  vitamin  C,  since  it  is  made 
in  their  own  bodies;  only  man,  monkeys  and  guinea  pigs  need  it  in  their 
diet.  For  insects,  only  the  B  complex  vitamins  are  necessary. 

Thus,  what  is  a  vitamin  for  one  animal  is  not  a  vitamin  for  another, 
although  it  is  probable  that  all  animals  and  plants  require  all  or  nearly 
all  the  known  vitamins.  In  the  few  cases  where  the  exact  function  of  a 
vitamin  has  been  traced,  it  is  known  to  act  as  a  catalyst  for  some  funda¬ 
mental  reaction  common  to  all  protoplasm.  The  clearest  demonstration 
of  this  has  been  provided  by  the  experiments  of  Beadle  and  Tatum  and 
their  collaborators  on  the  baker’s  mold,  Neurospora .  The  ordinary 
“wild”  strain  of  this  mold  requires  in  its  culture  medium  only  a  single 
vitamin,  biotin,  in  addition  to  salts  and  a  sugar  of  some  sort.  By  ex¬ 
posing  mold  organisms  to  x-rays  or  ultraviolet  light,  thus  causing  a  gene 
mutation  which  made  the  synthesis  of  a  vitamin  impossible,  these  in¬ 
vestigators  produced  mutant  strains  which  would  grow  only  when  one 
additional  vitamin  was  added  to  the  culture  medium.  Now  there  are 
strains  which  require  each  of  the  vitamins  necessary  for  grovw 
mals  This  is  evidence  that  the  mold  cells  (and  probably  other  plant 
cells')  need  these  substances  for  growth  just  as  much  as  animal 
do,  but  that  ordinarily  they  synthesize  all  the  vitamins  they  need  eve  p 

b"lt"is  quite  likely  that  the  ancestors  of  animals  also  had  ^“ove^the 

synthesize  all  the  substances  we  now  call  vitamins 

intervening  millions  of  years,  mutations  occurred  which  interfered  w. 

Ihe  synthesis  of  these  ^stances  so  t  at  to  su^ive, 

^n^X“wor^  no  way  Of  obtaining  the 
ViSi.  d.  Vitamin  A  occurs  only  in  animal  products  such  as  butter 
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eggs  and  fish  liver  oils,  but  plants  contain  a  yellowish  substance,  called 
carotene  or  provitamin  A,  which  is  easily  changed  into  vitamin  A  in 
animal  cells.  Vitamin  A  itself  is  fat-soluble  and  can  be  stored  in  the 
body.  The  daily  requirement  for  adults  is  about  1.5  mg.  (5000  Inter¬ 
national  Units),  for  a  child  under  three  about  0.G  mg.,  and  for  older 
children  an  intermediate  amount. 


n  JmalTvJ’  TyP,iCal  T  corulition  P^Huced  by  lack  of  vitamin  A.  B,  The  eves  restored  to 
Squibb  atdtn“  6  U"itS  <ab°Ut  0'00,  mg->  °'  A  (Courtesy  of  E  R 


-T!,lb  Tltamin  ls  necessary  for  the  maintenance  of  the  epithelial  cells 
of  the  skin,  eye  d.gestive  and  respiratory  tracts.  When  there  is  a  de 
ficicncy,  these  cells  become  flat,  brittle  and  less  resistant  to 
than  normal  (vitamin  A  is  sometimes  called  the  anti-infection  vitlminT 

horny'fihn^ver^e^ornea^^sultiifg^n^ch  ^ 

rnea,  resulting  in  a  characteristic  type  of  blindness 
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called  xerophthalmia  (Hg.  104).  Vitamin  A  is  necessary  also  for  the 
maintenance  of  normal  nerve  tissue  and  for  the  growth  of  bone  and  the 
enamel  of  teeth.  It  is  involved  in  the  chemistry  of  vision,  so  that  night 
blindness,  inability  to  see  in  a  dim  light,  may  be  due  to  vitamin  A 
deficiency.  The  retina  of  the  eye  contains  a  substance  called  visual 
purple,  made  up  of  vitamin  A  and  a  protein;  this  is  broken  down  when 
light  strikes  it,  stimulating  the  receptor  cells  which  send  impulses  to  the 
brain,  resulting  in  the  sensation  of  sight.  Ordinarily,  this  substance  is 
quickly  rebuilt,  but  when  insufficient  vitamin  A  is  present,  the  recon¬ 
struction  of  visual  purple  is  retarded  and  night  blindness  results.  De- 


Fig  105.  A  child  with  rickets.  A  deficiency  of  vitamin  D  decreases  the  ability  of  the  body 
to  absorb  and  use  calcium  and  phosphorus  in  bone  formation,  resulting  m  soft  malformed 
bones.  (Cooper,  Barber  and  Mitchell:  Nutrition  in  Health  and  Disease  for  Nurses,  J.  d 

Lippincott  Co.) 


ficiencies  severe  enough  to  produce  xerophthalmia  are  rare  in  the  I 
States,  but  night  blindness  is  more  common  During  World  War  11, 
the  pilots  of  night  fighter  planes  were  fed  diets  particularly  rich 

vitamin  A  to  prevent  this.  ,  ,  •  „  •  1IP 

Vitamin  D.  Another  fat-soluble  vitamin,  D  or  calciferol  is _  unique 
in  that  it  can  be  made  in  the  body  under  the  influence  of  sunlight  (it  is 
sometimes  called  the  “sunshine”  vitamin)  from  a  substance  called  g 
terol  normally  present  in  the  skin.  Calciferol  ,s  also  found  in  iver  mis 
butter  eggs  and  milk,  and  any  excess  manufactured  in  the  skin  during 
the  summer  months  is  stored  in  the  liver  Tins  substance  ,  » ;  nece^ar 
for  the  normal  absorption  of  calcium  and  phosphorus  from  the  ntestn  , 
T  ,  1  m2  per  dav  is  recommended  for  children  and  adults.  When 

there^  is  af  deficiency  of  calciferol,  calcium  and  phosphorus  are  not  ab- 
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sorbed  in  normal  amounts,  so  the  formation  of  bones  and  teeth  is  re¬ 
tarded  for  lack  of  raw  material.  This  results  in  the  disease  known  as 
rickets  (Fig.  105),  characterized  by  soft,  weak  bones,  enlarged  ankles, 
knees  and  wrists,  bowing  of  the  legs,  beaded  ribs,  and  defective  tooth 
development.  There  is  danger  in  overdosing  a  person  with  vitamin  D, 
however,  because  it  may  lead  to  calcification  of  the  soft  tissues  and 

death. 


Fig.  U)G.  A  person  suffering  from  scurvy,  the  disease  caused  by  a  deficiency  of  vitamin  C 

TtehMiliTof  th of" '•  ^  Produced  bf  the  bre“ki»g  »r  blood  vessels  under  the  skin, 
the  fragility  of  the  capillaries  in  vitamin  C  deficiency  causes  similar  bleeding  of  the  gums 

Cambridge  5^^  *“*  ^  V“*““  »  Theory  and  Prltice,' 


Vitamin  C.  1  he  deficiency  disease  scurvy,  resulting  from  a  lack  of 
vitamin  C,  is  one  of  the  principal  noninfectious  plagues  of  history  char¬ 
acterized  by  bleeding  gums,  bruised  skin,  painful  swollen  joints  and 
general  weakness  (Fig  106).  It  occurs  whenever  peopie  are  deprived 
of  fresh  fruits,  vegetables  and  meat  for  long  periods  of  time  is  thov  . 

me5^dCf  Sailing  V°yages  °r  durin§  the  lon8  northern  winters  Modern 
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tor  many  years,  but  whose  antiscorbutic  properties  had  not  been  sus¬ 
pected.  Ascorbic  acid  is  rather  unstable  and  is  rapidly  destroyed  by 
cooking,  so  that  the  best  sources  of  it  are  fresh  fruits  and  juices,  al¬ 
though  modern  canning  processes  preserve  most  of  the  ascorbic  acid 
content  of  food.  The  exact  role  of  ascorbic  acid  in  metabolism  is  un¬ 
known,  but  it  plays  some  part  in  the  constantly  occurring  cellular  oxida¬ 
tions,  and  it  assists  in  the  oxidation  of  one  of  the  amino  acids,  tyrosine. 
It  is  also  necessary  for  the  maintenance  of  normal  connective  tissue.  In 
its  absence  the  capillaries  become  exceedingly  fragile  and  easily  rup¬ 
tured,  resulting  in  hemorrhages  under  the  skin  and  in  the  joints.  The 
development  of  bones  and  teeth  also  is  abnormal.  Normal  human  adults 
require  between  75  and  100  mg.  of  ascorbic  acid  daily,  an  amount  sup¬ 
plied  by  an  eight-ounce  glass  of  orange  juice. 

Vitamin  E  ( Alpha  Tocopherol) .  Recent  experimental  studies  on  rats, 
chicks  and  ducks  have  proved  the  existence  of  vitamin  E,  or  alpha 
tocopherol,  which  is  necessary  to  prevent  sterility.  If  it  is  absent  from 
the  diet,  male  animals  become  sterile,  owing  to  degenerative  changes  in 
the  testes,  and  females  are  unable  to  complete  pregnancy  successfully, 
since  the  embryos  die  and  are  resorbed.  Eggs  from  vitamin  E-deficient 
hens  fail  to  hatch.  So  far  it  has  not  been  shown  that  a  deficiency  of 
vitamin  E  is  responsible  for  human  sterility,  but  this  is  possible.  No 
figure  can  be  given  for  the  daily  human  requirement  of  the  substance, 
but  it  is  so  widespread  in  both  vegetable  and  animal  oils  that  a  de¬ 


ficiency  in  any  normal  diet  is  almost  impossible. 

Experiments  have  shown  also  that  a  deficiency  of  vitamin  E  produces 
progressive  deterioration  of  the  muscles  and  paralysis,  presumably  by 
degeneration  of  the  nerves  (just  as  the  destruction  of  nerves  in  infantile 
paralysis  leads  to  the  wasting  of  muscles  and  paralysis) .  Certain  types 
of  paralysis  in  human  beings  have  been  treated  with  vitamin  E  prepara¬ 
tions,  with  beneficial  results,  and  it  has  been  claimed  recently  that 
vitamin  E  is  effective  in  treating  certain  types  of  heart  disease. 

Vitamin  K.  Normal  coagulation  of  blood,  depending  upon  the  manu¬ 
facture  of  prothrombin  by  the  liver,  is  connected  with  the  specific  action 
of  a  number  of  different  chemicals  referred  to  as  vitamin  K.  These  chem¬ 
icals  with  the  same  effect  occur  in  a  variety  of  foods  and  are  manuhic 
tured  by  the  bacteria  in  the  human  intestine,  so  that  vitamin  K  de¬ 
ficiency  in  man  usually  results  from  some  abnormality  m  its  absorption 
rather  than  the  lack  of  it  in  the  diet.  Since  it  can  be  absorbed  only  in 
the  presence  of  bile  salts  (vitamins  A,  D  and  E  also  require  bile  sa 
fo  be  absorbed),  an  obstruction  of  the  bile  duet  results  m  vitamin  R 
deficiency  no  matter  how  much  is  present  in  the  diet  or  made  by  th 
intestinaf  bacteria.  Patients  with  vitamin  K  deficiencies iare  poor 1 
risks  because  of  the  likelihood  of  hemorrhages  after  the  operation,  the 
administration  of  vitamin  K  (and  bile  salts,  if  necessary)  before  opera- 
tfon  removes  this  danger  and  has  saved  many  lives.  Newborn  m  an  s 
I  I'  re  thev  acquire  their  quota  of  intestinal  bacteria,  are  likelj  to 
befoi.e  they  q  administration  of  this  substance  to  the 

. . .  K  1 
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to  5  mg.,  administered  daily,  bring  the  clotting  time  of  the  blood  back 

to  normal.  ^  , 

The  Vitamin  B  Complex.  The  original  vitamin  B  was  characterized 

as  the  anti-beriberi  factor,  but  from  the  same  extracts  of  liver,  yeast  or 
rice  hulls  which  yield  an  anti-beriberi  substance,  nine  other  materials 


rig.  107.  Polyneuritis  (beriberi)  in  a  rat  raised  on  a  diet  deficient  in  thiamine  Note 
that  the  back  .s  arched  and  the  hind  legs  are  stretched  and  far  apart.  Such  animals  have  a 
pecuhar  halting  gait  and  are  particularly  awkward  in  turning,  readily  losing  their  balance 
When  rotated  they  have  great  difficulty  in  regaining  equilibrium,  probably  because  of 
egeneration  of  the  nerves  to  the  semicircular  canals.  B,  The  same  rat  eight  hours  after 
receiving  an  adequate  dose  of  thiamine:  the  back  and  hind  legs  are  normal  and  the  animal 
readily  regains  equilibrium  when  spun.  (Courtesy  of  the  Upjohn  Company  )’ 


With  specific  biological  effects  have  been  separated.  Some  of  these  sub- 

wL  calle7rvitamingGen  TwT  a,,,hab?Itical  designations:  riboflavin 
as  called  vitamin  G,  and  biotin  was  called  vitamin  H,  but  thev  are 

..  s  t": . "“t,  n“  T“ 
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Thiamine  (Vitamin  Bi).  I  his  substance,  the  first  to  be  separated  from 
the  rest  of  the  complex,  prevents  beriberi.  It  is  a  white,  crystalline  ma¬ 
terial  with  a  yeastlike  odor,  found  in  small  quantities  in  a  wide  variety 
of  foods.  Yeast,  liver,  nuts,  pork  and  whole  grain  cereals  are  the  best 


>f  the  Upjohn  Company.) 


sources  of  all  the  vitamin  B  complex.  Since  the  average  American  diet 

L' -thiamine  ..ceded) . 
^^gequaSs,  'UThe  price  has 
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dropped  from  about  $1000  a  gram  (1935)  to  $0.10  a  gram  (1950). 
Thiamine  and  the  other  B  complex  vitamins  are  not  stored  in  the  body 
to  any  great  extent,  and  evidence  of  a  deficiency  appears  within  a  few 
weeks.  Most  diets  contain  enough  thiamine  to  prevent  the  appearance 
of  beriberi,  but  may  not  contain  enough  for  maximum  health. 

The  function  of  thiamine  in  the  body  is  to  form  the  active  part  or 
“coenzyme”  of  a  particular  enzyme  involved  in  the  metabolism  of  car¬ 
bohydrates.  When  a  thiamine  deficiency  interferes  with  carbohydrate 
metabolism,  a  number  of  characteristic  symptoms  appear:  in  mild  de¬ 
ficiencies  there  is  fatigue,  loss  of  appetite,  weakness  and  muscular 
cramps;  in  more  marked  deficiencies  these  symptoms  are  accentuated, 
and  there  is  also  a  painful  degeneration  of  the  nerves  and  a  secondary 
wasting  of  the  muscles  resulting  in  paralysis.  This  condition  is  known  as 
beriberi  (Fig.  107) .  The  symptoms  disappear  rapidly  when  thiamine  is 
given.  Any  diet  deficient  in  thiamine  is  likely  to  be  deficient  in  the  other 
B  complex  vitamins  as  well,  so  that  cases  of  thiamine  deficiency  alone 
are  rare. 


Fig.  1U9.  Pellagra  in  a  child,  showing  typical  inflammation  of  the  skin  of  the  exposed  areas, 
the  hands  and  face.  (Courtesy  of  Dr.  John  A.  McIntosh.) 


Riboflavin  (Vitamin  B2  or  G).  Riboflavin  is  a  yellow  pigment  found 
in  both  plant  and  animal  tissues;  it  occurs  most  abundantly  in  foods 
rich  in  thiamine:  yeast,  liver,  wheat  germ,  meat,  eggs  and  cheese. 
It  resembles  thiamine  in  being  a  coenzyme  concerned  in  carbohydrate 
metabolism  and  in  cell  oxidative  processes.  One  to  2  mg.  of  riboflavin 
per  day  are  required  to  maintain  health  in  man.  A  deficiency  of  ribo¬ 
flavin  is  marked  by  the  appearance  of  cracks  in  the  corners  of  the 
mouth,  a  characteristic  purplish-red  color  of  the  tongue,  and  stunted 
growth.  In  experimental  riboflavin  deficiencies  in  rats  there  is  failure  of 

*Kg  l108)°“  °f  ha'r’  CataraCt’  inflammation  of  the  eyes,  and  death 

Niacin  or  Nicotinic  Acid.  Niacin  is  a  substance  that  forms  two  dif- 

bTeell  C,0enZyl"e'  wflmh  are  the  active  parts  of  many  different  enzvme, 
cdlular  metabolism.  Niacin  was  known  as  an  organic  compound  for 
over  fifty  years  before  its  function  as  a  vitamin  was  recognildltis 
found  in  yeast,  fresh  vegetables,  meat  and  beer.  Corn  meaf  hl  an  ' 

ofUthId  el"  theCdnefiC°ntentVand  whereVer  this  fo°d  f°™s  a  large  part 
fJ~ l„‘f’ '. th®  defic"mcy  disease  pellagra  is  fairly  prevalent  Pellavra 
(Fig.  109)  is  characterized  by  dermatitis  (reddened  inflammation  ,.F  ft 
skin,  especially  in  those  parts  of  the  body  eCsed  to  llhtl  I  , 
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tenance  of  the  epithelia  of  the  skin  and  digestive  tract  and  of  normal 
nei  \  e  functioning  processes  carried  on  by  its  action  as  the  coenzyme 
of  one  or  another  of  many  different  enzymes.  The  recommended  daily 
allowance  of  niacin  is  about  20  to  25  mg.,  but  a  considerable  part  of 
the  human  requirement  comes  from  a  bacterial  synthesis  of  it  in  the 
intestine.  When  a  person  is  treated  with  sulfa  drugs  for  some  infection, 
the  intestinal  bacteria  are  killed  and  deficiencies  of  a  number  of  vita¬ 
mins,  including  niacin,  may  occur. 

The  original  name  for  this  substance  was  nicotinic  acid,  since  it  is 
related  chemically  to  nicotine,  but  because  the  two  are  confused,  the 
name  niacin  is  now  being  adopted. 

Pyridoxine  (Vitamin  BG).  It  has  been  known  for  some  time  that  pyri- 
doxine  is  necessary  in  the  diet  of  rats,  and  it  is  now  believed  that  human 
beings  also  require  it.  The  vitamin  occurs  in  a  wide  variety  of  foods — 
meat,  eggs,  nuts,  whole  grain  cereals,  and  beans — so  that  a  clear-cut 
deficiency  of  pyridoxine  in  man  has  not  been  found.  A  derivative  of  it, 
pyridoxal  phosphate,  is  the  coenzyme  for  two  important  enzyme  sys¬ 
tems,  one  of  which  is  involved  in  the  synthesis  of  fat  from  protein.  Ex¬ 
perimental  animals  fed  a  diet  deficient  in  pyridoxine  fail  to  grow,  be¬ 
come  anemic  and  have  atrophied  lymph  tissue,  resulting  in  a  lack  of 
white  blood  cells  and  antibodies,  with  a  consequent  lowered  resistance 
to  infection.  The  administration  of  pyridoxine  has  been  tried  in  a  num¬ 
ber  of  human  disorders,  but  without  consistent  results.  The  daily  re¬ 
quirement  is  about  1  to  2  mg.,  but  it  varies  with  the  amount  of  protein 
in  the  diet,  since  the  more  protein  eaten,  the  more  pyridoxine  is  needed 
to  stimulate  growth. 

Pantothenic  Acid.  This  vitamin  is  necessary  for  the  maintenance  of 
normal  nerves  and  skin,  and  experimental  deficiencies  of  it  cause  the 
failure  of  growth.  There  is  no  report  of  a  deficiency  of  pantothenic  acid 
in  man,  because  it  is  widely  distributed  in  foods  and  almost  any  diet 
provides  the  20  mg.  required  daily  by  human  beings.  Especially  rich 
sources  of  it  are  eggs,  meat,  sweet  potatoes  and  peanuts.  It  forms  part 
of  another  coenzyme,  called  “coenzyme  A,”  important  in  carbohydrate 

memotin  (Vitamin  H).  This  was  first  discovered  as  a  factor  indispensable 
for  the  growth  of  yeast.  It  has  since  been  shown  to  be  necessary  in  the 
diet  of  mammals,  though  only  in  extremely  small  amounts  Some  rich 
sources  of  it  are  molasses,  egg  yolk  and  liver.  Egg  white  contains  a  pro¬ 
tein  called  avidin,  which  combines  with  biotin  in  the  intestine  and  p 
vents  its  absorption.  Avidin  is  destroyed  by  heat,  however,  so  that 
cooked  egg  white  does  not  interfere  with  the  absorption  of  biotin,  an 
much  more  than  the  amount  in  an  eggnog  or  two  is  needed  to  caus 
Sotin  deficiency  in  experimental  animals.  One  of  the  few  cases  of  hu- 
bfot  deficiency  occurred  in  a  man  who  I.ved  alrnos  en  ne  y 


man 


raw  eggs  and  wine 


and  suffered  an  inflammation  of  the  skin;  it  cleared 


uvv  L  B  administered  Biotin  forms  a  coenzyme  wmcn 

|f  i“  .»  C  X  SET  carbon  d.o.rd,  in  ccrUi.  b* 

processes.  Choline  Inositol  and  Para-Aminobenzoic 

Add ! ' These^'substances \re  also  members  of  the  B  complex.  Folic  acid 
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and  vitamin  Bl2  are  necessary  to  prevent  anemia  and  are  used  in  con¬ 
junction  with  liver  extract  in  treating  pernicious  anemia  (p.  135). 


plM8viUmins^ChThtafterHeing  ^  &  d!et  deficient  in  Pantothenic  acid  (one  of  the  B  com- 
Browth  of  feathers  is  retard^Zdlhe  totiZTm  ^'h^^Th  ‘fT'*'  The 

Pant°lhe"ic  th<:  “e  completely  cured'  (Courtesy 'of  the' 
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portant  in  the  metabolism  of  fats  and  proteins,  not  as  a  coenzyme  as 
many  other  B  vitamins  are,  but  as  a  source  of  methyl  groups  to  be  used 
in  building  up  certain  essential  substances.  An  adult  requires  about 
2000  mg.  of  choline  daily. 


7-  m  A  Rat  after  being  fed  a  diet  deficient  in  biotin,  to  which  egg  wmte  was 


intestinal  bacteria. 
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V.  DIET 


Unfortunately,  many  people  believe  (or  rationalize  themselves  into 
believing)  that  good  health  is  associated  with  the  eating  of  tremendous 
quantities  of  food.  The  error  seems  to  be  especially  prevalent  among 
parents,  who  urge  second  and  third  “helpings”  on  already  plump  chil¬ 
dren,  and  in  some  cases,  even  go  so  far  as  to  run  races  with  them  to 
see  who  can  eat  the  most.  Actually,  almost  nothing  could  be  more 
detrimental  to  a  child’s  future  health  and  happiness  than  to  overeat  and 
so  gain  weight  in  excess  of  what  is  proper  for  his  age.  For  in  later  years 
this  fat — too  often  not  lost — puts  a  strain  upon  the  whole  body,  par¬ 
ticularly  the  heart  and  kidneys,  and  may  lead  to  or  aggravate  innumer¬ 
able  diseases. 

The  problem  of  the  relation  between  diet  and  health  has  been  tackled 
with  extremely  interesting  and  significant  results  by  Dr.  Clive  M.  Mc- 
Cay  of  Cornell  University.  Working  primarily  with  rats,  hamsters  and 
dogs,  Dr.  McCay  has  found  that  a  low-calorie  diet,  particularly  during 
the  early  years  of  life,  has  the  effect  of  doubling  the  animals’  lives.  And 
not  only  are  the  experimental  animals  longer-lived — they  are  spryer, 
sleeker,  more  fertile  and  healthier  right  up  to  the  time  of  death,  which 
occurs  suddenly  with  no  lingering  and  painful  effects.  The  statistics  on 
these  experiments  prove  what  animal  breeders  and  trainers  have  long 
known — that  an  animal  looks  and  behaves  better  when  it  is  slightly 
underfed. 

There  is  every  indication  that  what  is  true  for  rats  and  dogs  is  true 
for  human  beings.  Many  physiologists,  by  performing  experiments  on 
themselv es,  have  found  that  a  restricted  diet  produces  beneficial  psycho¬ 
logical  effects,  they  felt  more  alert,  happier,  and  able  to  stick  to 
tedious,  problem-solving  tasks  much  longer.  It  is  to  be  hoped  that  all 
these  discoveries  will  receive  wide  publicity  and  attention,  for  the  truth 
seems  to  be  that  the  American  public  is  spending  enormous  sums  on  too 

much  of  the  wrong  kind  of  food,  thereby  ruining  its  health,  efficiencv 
and  appearance. 


An  adequate  diet  must  supply  water,  salts  and  vitamins;  sufficient 
calories  to  balance  the  daily  expenditure  ot  energy  (unless  one  wishes 
to  lose  weight) ;  and  enough  fats  and  proteins  for  tissue  repair  Except 
where  there  is  extreme  poverty,  ignorance,  idiosyncrasy  of  taste  or 
some  accidental  factor  which  prevents  the  eating  of  a  normal  diet  there 
is  little  danger  of  anyone’s  failing  to  obtain  the  specific,  essential  sub¬ 
stances.  A  daily  diet  including  two  or  three  glasses  of  milk,  an  egg  one 
or  two  servings  of  lean  meat,  plenty  of  green  and  yellow  vegetables 
fresh  fruit,  whole  gram  cereals  ami  bread,  with  moderate  servings  of 
butter  or  margarine,  and  a  glass  of  citrus  fruit,  will  provide  adenuate 
amounts  of  all  the  necessary  foods.  The  more  fresh— and  especially 
raw  vegetables,  and  the  fewer  fried  foods,  pastries,  rich  sauces  whipped 
cream  and  candy,*  the  better.  Table  7  gives  the  nutritional 1  ,  Pf1 
many  common  foods  and  how  many  calories  they  contain.  '  "  ° 

greatest  factor  in  producbgla^t^  S.weets  of  a11  are  the 

lation  between  high  sugar  consumption  and  a  large  num b^’of  Unmistakable  cotre- 


Table  7.  Analyses  of  Common  Foods 
(From  Bowes  and  Church) 
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Egg,  boiled  50  1  medium 


Table  7.  Analyses  of  Common  Foods — Continued 
(From  Bowes  and  Church) 
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3 
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no 
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CO 

< 

H 

U 

o 
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Beans,  string,  fresh 

Beets,  fresh,  raw 

Carrots,  raw 

Corn,  sweet,  canned 

Potatoes,  white,  baked 

Spinach,  fresh 

Tomatoes,  fresh 

w 

o 

u 

> 

u 

23 
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Chocolate  milk  shake 

Coca-Cola 

Coffee,  roasted 

Beer,  lager,  American 

Desserts 

Cake,  chocolate,  2  layers 

Pudding,  bread,  with  raisins 

Pie,  apple 

BD 

D 

O 

W 

fc 

*< 

J 

w 

u 

<1 

Salad,  gelatine  with  fruit 

Sandwich,  bacon,  lettuce,  tomato 

Stew,  oyster 

Soup,  vegetable 
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QUESTIONS 

1.  What  are  the  three  functions  of  food? 

2.  Specify  the  six  main  types  of  food.  Which  of  these  produce  energy? 

3.  What  is  a  Calorie?  , 

4.  Why  is  a  square  of  butter  more  fattening  than  an  equal  amount  of  bread  or  meat. 

5.  What  is  the  basal  metabolic  rate?  What  are  two  pathological  conditions  which  in¬ 
crease  it? 

6.  What  are  “adequate”  proteins? 

7.  What  is  meant  by  the  specific  dynamic  action  of  proteins? 

8.  What  is  glycogen?  What  is  its  function  in  the  body? 

9.  What  is  the  primary  source  of  energy  for  all  cells? 

10.  Why  is  the  liver  of  such  great  importance  in  nutrition? 

11.  What  is  deamination? 

12.  Name  the  minerals  most  essential  to  the  body,  and  tell  what  purpose  each  serves. 

13.  What  are  vitamins?  State  diseases  which  may  result  from  vitamin  deficiencies,  and 
tell  which  vitamin  cures  each  condition.  What  vitamins  are  found  in  milk?  eggs?  green  vege¬ 
tables?  steak? 

14.  Utilizing  the  data  of  Table  7,  plan  a  day’s  diet  which  would  contain  3000  Calories  and 
the  necessary  amounts  of  all  required  food  factors.  In  what  ways  would  the  proper  diets  for 
a  pregnant  woman,  a  ten  year  old  boy  and  a  sixty-five  year  old  man  differ  from  this? 
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CHAPTER  13 


THE  EXCRETORY  SYSTEM 


DURING  the  metabolic  processes  whereby  the  cells  utilize,  for  energy 
and  repair,  the  food  brought  to  them  by  the  blood  stream,  certain 
waste  products  are  formed  which  must  be  eliminated  along  with  wastes 
resulting  from  the  wearing  out  of  protoplasm  itself.  These  wastes  are 
often  toxic  as  well  as  useless  and,  if  allowed  to  accumulate  in  the  cells 
(as  in  certain  types  of  kidney  disease) ,  will  result  in  the  death  of  the 
organism.  The  metabolic  wastes  which  every  cell  of  the  body  is  con¬ 
stantly  throwing  off  into  the  blood  are  eliminated  continuously  by  the 
kidneys  so  that  the  concentration  in  the  blood  does  not  reach  toxic 
levels. 

It  is  important  to  keep  in  mind  the  distinction  between  defecation, 
excretion,  and  secretion,  terms  which  are  sometimes  confused.  Defeca¬ 
tion  refers  to  the  elimination  of  wastes  and  undigested  food,  collectively 
called  feces,  from  the  anus.  Undigested  food  never  enters  any  of  the 
body  cells  and  so  cannot  take  part  in  cellular  metabolism;  hence  these 
are  not  metabolic  wastes.  Excretion  refers  to  the  removal  of  waste 
products  (substances  which  have  no  further  use  in  the  body)  from  the 
cells  and  the  blood  stream  into  the  urine  and  perspiration.  The  excretion 
of  wastes  by  the  kidneys  involves  an  expenditure  of  energy  by  the  cells, 
but  the  act  of  defecation  requires  no  such  effort  of  the  cells  lining  the 
intestine.  Secretion  is  the  giving  off  by  a  cell  of  some  substance  that 
is  used  in  a  certain  body  process— for  example,  the  salivary  glands  se¬ 
crete  saliva,  used  in  the  mouth  and  stomach  for  digestion.  Secretion 
also  involves  cellular  activity  and  requires  the  expenditure  of  energy 


by  the  secreting  cell.  ,  .  .  . 

The  excretory  system  of  the  human  body  involves  more  than  just 

the  kidneys  and  their  ducts;  the  skin,  lungs  and  digestive  tract  have 
excretory  functions  too.  We  have  discussed  previously  the  elimination 
of  carbon  dioxide,  one  of  the  most  important  metabolic  wastes  by  the 
lungs;  the  excretion  of  bile  pigments,  the  breakdown  products  of  hemo¬ 
globin  by  the  liver;  and  the  excretion  of  certain  metals,  such  as  calcium 
by  the  colon.  The  sweat  glands  of  the  skin  are  primarily  concerned  m 
the  regulation  of  body  temperature,  but  they  also  serve  the  purpose  of 
excretingl  to  10  per  cent  of  all  metabolic  wastes.  Sweat  contains  the 
same  substances  (salts,  urea  and  other  organic  compounds)  as  urine, 
hut  is  much  more  dilute,  having  only  about  one  eighth  as  much  soli 

matter  The  volume  of  perspiration  varies  from  about  500  cc.  on  a  coo 
maU  .  i  0nrQ  ijfprs  on  a  hot  one.  From  tests  made  by  the 

day  t°f  S  .^1^v  ld  War  ii  it  was  found  that,  while  doing  a  maximum 
o/Tork  at^hiJh  tempmatures,  some  men  would  excrete  from  3  to  4 
liters  of  sweat  in  an  hour! 
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The  Excretory  System 

I.  THE  KIDNEY  AND  ITS  DUCTS 

Although  the  kidneys  are  the  most  important  excretory  organs  of 
mammals,  performing  approximately  75  per  cent  of  the  work  of  excre¬ 
tion,  they  are  important  for  other  functions  as  well.  They  regulate  the 
concentration  of  various  substances  dissolved  in  the  blood,  maintaining 
the  balance  between  acids  and  alkalis,  and  keep  the  blood  volume  con¬ 
stant.  Since  the  concentration  of  substances  in  all  body  fluids  is  de¬ 
termined  largely  by  their  concentration  in  the  blood,  the  kidneys  in¬ 
directly  regulate  the  composition  of  all  body  fluids. 


EY 


Fig'  1  h“mal "  r‘r;  sys!em’  •“»  U*  lock  or  dorsal  side.  The  left  kidney  is  out 

open  to  reveal  the  internal  structures.  (Hunter  and  Hunter:  College  Zoology.) 


onp  f  f  f.  a  pair  of  bean-shaped  structures  about  4  inches  long, 
one  of  which  is  located  on  each  side  of  the  mid-dorsal  line  of  the  ab- 
ominal  cavity,  just  below  the  level  of  the  stomach  (Fig.  112)  On  the 

Si  —  S,de  0t  eacl'  k“W  is  a  funnel-shaped  chamber  c"  I  ed 

eo  lect  n  the  I ,rme-  TCreted  hf  lhe  kidney  ^  a  continuous  trickle, 
in  the  pelvis  and  passes  down  the  ureters  by  peristaltic  waves 

*  No!  to  bo  contused  with  the  pelvic  bone,  or  pelvis,  ot  the  skeleton. 
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The  Organization  of  the  Body 

of  contraction  of  the  ureter  walls  to  the  urinary  bladder,  a  hollow,  mus¬ 
cular  organ  located  in  the  lower,  ventral  part  of  the  abdominal  cavity 
(hig.  112)  .  Ihe  muscular  walls  of  the  bladder  relax  and  distend  to  make 
room  for  it  as  it  accumulates.  Valves  at  the  openings  of  the  ureters 
into  the  urinary  bladder  prevent  the  backflow  of  urine,  and  keep  any 
bacteria  which  may  be  in  the  bladder  from  ascending  to  the  kidney.  As 
the  volume  of  urine  in  the  bladder  increases,  the  distention  of  the  mus¬ 
cular  walls  stimulates  nerve  endings  located  there  to  send  impulses  to 
the  brain,  producing  the  sensation  of  fullness.  To  make  urination  pos¬ 
sible,  impulses  originating  in  the  brain  cause  a  contraction  of  the  blad¬ 
der  and  a  relaxation  of  the  sphincter  guarding  the  opening  from  the 
bladder  to  the  urethra. 

Upon  dissection,  the  kidney  is  found  to  consist  of  masses  of  tubules 
arranged  in  an  inner  core,  the  medulla,  and  an  outer  layer,  the  cortex. 
Holding  the  tubules  together  is  a  fine  network  of  connective  tissue  fibers; 
in  addition,  the  tubules  are  richly  supplied  with  blood  vessels.  Each 
tubule  excretes  a  small  part  of  the  daily  urine  output  of  the  whole 
kidney.  The  waste  products  brought  to  the  kidney  from  cells  all  over 
the  body  by  the  blood  stream  must  be  removed  from  the  blood  and 
excreted  as  urine,  without  loss  from  the  blood  of  any  of  the  substances 
which  the  body  needs.  Blood  enters  the  kidney  by  a  branch  of  the  dorsal 
aorta,  the  kidney  artery,  which  ramifies  to  all  parts  of  the  organ;  ul¬ 
timately  each  final  branch  or  arteriole  goes  to  the  end  of  each  kidney 
tubule.  There  it  branches  into  a  spherical  tuft  of  capillaries,  called  a 
glomerulus  (Fig.  113) .  The  end  of  each  kidney  tubule  is  a  double-walled 
hollow  sac  of  cells,  called  Bowman’s  capsule,  which  surrounds  the 
glomerulus.  The  inner  wall  of  Bowman’s  capsule  consists  of  flat  epithelial 
cells  which  adhere  closely  to  the  capillaries  of  the  glomerulus,  so  that 
substances  may  diffuse  easily  from  the  capillaries  into  the  cavity  of 
Bowman’s  capsule. 

1.  The  Formation  of  Urine.  The  formation  of  urine  is  a  complex 
process,  consisting  of  three  parts:  filtration,  reabsorption,  and  augmen¬ 
tation.  Filtration  occurs  at  the  junction  between  the  glomerular  capil¬ 
laries  and  the  wall  of  Bowman's  capsule;  the  blood  is  “filtered”  as  it 
passes  through  the  capillaries  so  that  water,  salts,  sugar,  urea  and  all 
the  substances  in  the  blood,  except  the  plasma  proteins  and  the  blood 
cells  pass  across  this  junction  into  the  cavity  of  Bowman’s  capsule  to 
become  the  capsular  flltraie.  The  blood  going  through  the  glomerulus 
loses  only  about  1  per  cent  of  its  volume  to  the  capsular  filtrate,  the 
rest  passing  from  the  glomerulus  in  the  outgoing  blood  vessel.  The 
mechanism  underlying  this  process  is  the  purely  physical  one  of  filtra¬ 
tion,  and  depends  on  the  fact  that  the  small  artery  entering  the 
glomerulus  is  larger  than  the  vessel  leaving  it.  Consequently  the  bloo 
pressure  in  the  glomerular  capillaries  is  relatively  high,  and  causes  a 
small  fraction  of  the  blood  to  filter  across  into  the  capsule.  By  intro¬ 
ducing  a  fine  glass  syringe  into  the  Bowman’s  capsule  »  u Jrog  s  “nej 
and  actually  collecting  and  analyzing  some  of  the  capsular  filtrate  D. 
a  N  Richards  of  the  University  of  Pennsylvania  showed  that  it  has  the 
same  concentration  of  urea,  salts,  glucose,  and  so  forth,  as  the  plasma, 
but  lacks  its  proteins.  The  cells  of  Bowman  s  capsule  are  thin  and 
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able  to  move  materials  from  the  capillaries;  the  work  ot  pushing  the 
filtrate  from  the  plasma  into  the  capsule  is  done  by  the  heart.  It  can 
be  shown  experimentally  that  as  the  blood  pressure,  and  consequently 
the  filtration  pressure,  rise  and  fall,  the  quantity  of  capsular  filtrate 
varies  accordingly.  > 

If  the  composition  of  the  urine  excreted  were  like  that  of  the  cap¬ 
sular  filtrate,  excretion  would  be  a  wasteful  process,  and  a  great  deal  of 
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Fig.  113.  Diagram  of  a  single  kidney  tubule  and  its  blood  vessels. 

Tw  glUre>,  ar°  fcids  and  °ther  useful  ^bstances  would  be  lost. 

•f  rTfr  the  ^lnd  and  quantlty  substances  present  in  the  urine  are 
quite  different  from  those  m  the  plasma  and  capsular  filtrate.  From  each 
Bowmans  capsule,  located  in  the  cortex,  the  filtrate  nassos  fir  t  tl  •  i 
a  proximal  conv°luted  region  of  the  tubule  (also  in  the  cortex)"  then 
through  a  long  loop  going  into  the  medulla  and  back  into  the  coWp 

pelvis  (Fig.  113)  There  is  no  l  ’  •  1  "  C1  it  passes  to  the 
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changes  in  concentration  occur  when  the  materials  pass  from  the  Bow¬ 
man’s  capsules  through  the  long  coiled  tubules  to  the  collecting  tubule. 

The  walls  of  the  kidney  tubules  are  made  of  a  single  layer  of  flat  or 
cuboidal  epithelial  cells,  which,  as  the  filtrate  passes  through,  remove 
or  reabsorb  much  of  the  water  and  virtually  all  the  glucose,  amino 
acids  and  other  substances  needed  by  the  body,  and  secrete  them  back 
into  the  blood  stream.  This  is  possible  because  the  blood  vessel  leaving 
the  glomerulus  does  not  go  directly  to  a  vein,  but  connects  with  a  second 
network  of  capillaries  around  the  proximal  and  distal  convoluted  tubules 
(Fig.  113).  Thus  the  route  of  blood  in  the  kidney  differs  from  that  in 
every  other  organ — for  blood  to  pass  from  a  kidney  artery  to  a  kidney 
vein,  it  must  pass  through  two  sets  of  capillaries;  the  ability  of  the  kid¬ 
ney  to  excrete  urine  and  regulate  the  composition  of  the  blood  depends 
upon  this  fact.  Substances  are  reabsorbed  into  the  blood  stream  selec 
tively,  according  to  the  momentary  needs  of  the  body;  if  there  is  already 
too  much  glucose  in  the  blood,  as  in  a  patient  suffering  from  diabetes 
glucose  is  not  reabsorbed,  but  passes  on  in  the  urine.  The  cells  lining 
the  tubules  must  do  work  to  secrete  these  substances  back  into  the 
blood  stream,  usually  against  a  diffusion  gradient.  In  fact,  a  given 
amount  of  kidney  tissue  consumes  a  larger  amount  of  oxygen  per  hour 
than  an  equivalent  weight  of  heart  muscle,  indicating  that  the  kidne\ 
works  harder  than  the  heart,  Thev  obtain  the  energy  for  this  work  from 
the  oxidation  of  carbohydrates;  when  the  kidney  is  deprived  of  oxygen, 


reabsorption  (though  not  filtration)  ceases. 

The  human  kidney  produces  about  100  liters  of  filtrate  for  every  liter 
of  urine  formed;  tlmother  99  liters  of  water  are  reabsorbed.  In  this  way 
the  waste  products,  such  as  urea,  are  greatly  concentrated  as  the  filtrate 
passes  clown  the  tubules.  The  concentration  of  urea  in  the  urine  is  about 
sixty-five  times  that  in  the  capsular  filtrate  and  would  be  even  hig 
but'  for  the  fact  that  a  small  amount  of  urea  is  reabsorbed  by 
tubules.  The  quantity  of  water  reabsorbed  depends  also  on  the  .  - 

current  needsV  it.  If  a  large  quantity  of  water  or  be-  .s  jlrunl, 
water  is  reabsorbed  and  a  copious,  dilute  urine  is  excreted.  If  water 
intake  is  restricted,  a  maximum  amount  o  water  is  -absorb^  by  the 
cells  of  the  tubules,  conserving  water  for  the  body,  a  y 

ThfC:“  ^“crTe  Id. 

filtr.te  and  put  them .back  into .  U,. ^ 
ditional  waste  material  from  the  b'00d  stream  .  ,e  in  human 

process,  called  augmentation,  proba : >  y  P  .  • .  h  kidneys  lack 

kidney  function,  but  in  animals  like  the  toadfish^whos^k  cl  ^  ^ 

glomeruli  and  Bowman  s  capsu  es,  excr  consequently  the  filtration 

method  used.  When  the  blood  “^Vman,  although 

pressure,  drop  below  a  certain  point,  filtration  ***..  cted  into  experi- 

urine  is  still  formed  by  tubular  excre  .,e  bloo(j  stream  into  the  urine 

mental  animals  can  be  seen  to  pass  nQ  jonbt,  then,  that  aug- 

through  the  cells  lining  the  u  u  •  anjmals  but  just  how  large  a 
mentation  can  occur  in  man  and  other  anmials  ^ 

^ distal  convoh,ted  tubule- 
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and  some  substances  have  been  reabsorbed  and  others  added,  the  cap¬ 
sular  filtrate  has  become  urine. 

2.  The  Regulatory  Function  of  the  Kidney.  By  the  selective  excretion 
of  certain  substances  and  the  reabsorption  of  others,  the  kidney  plays  an 
extremely  important  role  in  regulating  the  composition  of  the  blood  ami 
other  body  fluids.  Any  excess  of  acid  or  alkali  released  during  metabolism 
is  excreted  by  the  kidneys,  thereby  maintaining  the  proper  pll  of  the 
blood.  By  the  same  process  the  kidneys  regulate  the  osmotic  pressure 
of  the  body  fluids  bathing  the  cells,  by  regulating  the  concentration  of 
salts  in  the  blood.  This  is  important,  because  if  the  concentration  of 
salts  in  the  body  fluids  exceeds  that  within  the  cells,  water  passes  out 
of  the  cells  and  they  shrivel  and  die.  Or  if  the  concentration  of  salts 
in  the  body  fluids  falls  below  that  within  the  cells,  water  passes  into  the 
cells,  causing  them  to  swell  and  burst. 

Although  there  is  glucose  in  the  capsular  filtrate,  there  normally  is 
none  in  the  urine  because  it  is  reabsorbed  by  the  cells  of  the  tubules.  But 
if  there  is  so  much  glucose  present  in  the  blood,  and  consequently  in 
the  capsular  filtrate  (as  there  is  in  diabetics)  that  not  all  of  it  can  be 
reabsorbed  in  the  time  the  filtrate  passes  through  the  tubules,  some 
glucose  will  appear  in  the  urine.  When  the  concentration  of  glucose  in 
the  blood  reaches  this  point,  it  is  said  to  have  reached  the  “kidney 
threshold,”  which,  for  glucose,  is  about  150  mg.  per  100  cc.  of  blood. 
Many  other  substances  have  “kidney  thresholds,”  but  the  concentration 
at  which  the  substance  begins  to  appear  in  the  urine  is  different  for  them. 

The  kidney  regulates  the  total  volume  of  blood  as  well  as  the  con¬ 
centration  of  the  substances  dissolved  in  it.  When  the  total  amount  of 
blood  is  decreased,  as,  for  example,  after  a  hemorrhage,  the  blood  pres¬ 
sure  is  lessened,  and  since  the  filtration  pressure  depends  on  the  blood 
pressure,  it  is  decreased  correspondingly  so  that  less  liquid  is  filtered 
through  the  glomeruli  into  the  Bowman’s  capsules.  Hence  the  kidney 
produces  a  smaller  volume  of  urine,  and  body  fluids  are  conserved.  When 
a  great  deal  of  liquid  is  taken  in,  the  blood  volume,  blood  pressure  and 
filtration  pressure  are  raised,  resulting  in  a  larger  volume  of  urine,  which 
restores  the  normal  balance. 

The  quantity  of  urine  excreted  depends  not  only  on  how  much  liquid 
is  consumed,  but  also  on  the  concentration  of  salts  and  other  solids  to  be 
excreted  from  the  blood.  When  food  is  unusually  salty,  the  kidney  must 
excrete  a  proportionately  large  amount  of  salt  to  maintain  the  proper 
osmotic  pressure  of  the  blood,  and  the  urine  volume  is  increased.  Since 
the  solids  excreted  are  dissolved  in  the  urine,  an  increased  amount 
requires  more  water  to  pass  them.  That  is  why  diabetes,*  of  which  one  of 
the  chief  symptoms  is  the  presence  of  sugar  in  the  urine,  is  also  char- 
actenzed  by  a  copious  flow  of  urine.  An  increased  amount  of  dissolved 
solids  in  the  capsular  filtrate  increases  its  osmotic  pressure  and  conse¬ 
quently  decreases  the  rate  of  reabsorption  of  water,  resulting  in  the 
increase  in  urine  volume.  This  mechanism  enables  the  kidney  to  respond 

*  The  word  “diabetes”  simply  means  “to  go  through.”  In  diabetes  mellitn*  /wnf 
sweet,  indicating  the  presence  of  sugar)  a  pathological  condibnn  fTg  (melh,tus  means 

amount  of  insulin  formed,  resulting  in  impaired  raflmhydrat  metaL  i^andT  It' 

concentration  of  glucose  in  the  blood  and  urine  metabolism  and  increasing  the 
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to  increases  in  fhe  concentration  of  urea  and  other  wastes  in  the  blood 
since  the  higher  concentration  itself  stimulates  the  flow  of  urine  and  the 
excretion  of  wastes. 

Anothei  factor  controlling  the  urine  volume  is  a  hormone  produced 
by  the  posterior  lobe  of  the  pituitary  (p.  320)  which  controls  the  rate 
at  which  water  is  reabsorbed  by  the  kidney  tubules.  In  a  comparatively 
laie  disease,  diabetes  insipidus  (insipid  indicating  a  lack  of  sugar),  due 
to  a  deficiency  or  complete  lack  of  this  hormone,  the  output  of  urine 
may  reach  30  or  40  liters  per  day  instead  of  the  normal  1.2  to  1.5  liters, 
and  the  patient  suffers  from  an  insatiable  thirst. 

3.  Substances  Present  in  the  Urine.  Since  the  kidneys  excrete,  in  addi¬ 
tion  to  the  normal  products  of  metabolism,  most  of  the  abnormal  sub¬ 
stances  that  may  enter  or  be  formed  in  the  body,  analyzing  the  urine 
is  a  reliable  method  for  determining  the  general  metabolic  condition  of 
the  body.  Normal  urine  is  about  96  per  cent  water,  1.5  per  cent  salts, 
and  2.5  per  cent  organic  wastes,  chiefly  urea.  The  salts  in  the  urine  are 
the  same  as  those  in  the  blood  and  protoplasm,  chiefly  sodium  chloride, 
with  small  amounts  of  potassium,  calcium,  magnesium  and  ammonium 
sulfate,  phosphate  and  carbonate. 

Of  the  1200  to  1500  cc.  of  urine  excreted  daily,  about  60  gm.  are  solids; 
half  of  this  is  made  up  of  urea,  which  comes  from  the  deamination  of 
proteins.  Both  the  nucleus  and  cytoplasm  of  all  cells  contain  a  modified 
protein  known  as  nucleoprotein;  uric  acid  is  the  breakdown  product  of 
this,  and  is  another  normal  constituent  of  urine.  Still  another  important 
organic  waste  product  found  in  the  urine  is  creatine,  which  comes  from 
muscle  metabolism. 

The  yellow  color  of  urine  is  not  due  to  any  of  the  substances  men¬ 
tioned,  but  depends  on  the  presence  of  a  pigment  called  urochrome,  a 
breakdown  product  of  hemoglobin  related  to  the  bile  pigments. 

4.  Diseases  of  the  Kidneys.  A  painful  and  often  fatal  disease,  nephri¬ 
tis,  is  caused  by  the  presence  of  bacteria  in  the  kidneys,  which  infect 
the  cells.  They  usually  attack  the  glomeruli,  causing  them  to  become 
more  permeable  than  normal,  so  that  proteins  and  even  intact  blood 
cells  pass  through  into  the  urine.  Because  of  the  constant  loss  of  pro¬ 
teins  from  the  blood,  the  ability  of  the  plasma  to  reabsorb  water  from 
the  tissue  fluid  around  the  capillaries  is  lowered,  and  a  watery  swelling, 
known  as  edema,  occurs,  especially  in  the  lower  parts  of  the  legs.  In  the 
last  stages  of  this  disease  there  is  a  marked  decrease  in  the  amount  ot 
urine  formed,  and  the  waste  products  normally  excreted  by  the  kidneys 
accumulate  in  the  blood  (a  condition  called  uremia).  Because  some  o 
these  substances  are  toxic,  death  occurs  unless  the  condition  is  relieved 

‘impairment  of  the  kidneys  is  often  associated  with  high  blood  P**s_ 
sure,  because  the  abnormal  pressure  tends  to  injure  the  g  omerul^  and 
the  decreased  supply  of  blood  to  the  kidney  cells,  resulting  from  the 
constriction  of  the  arteries,  may  cause  damage.  Recent  exper.ments  have 
shown  that  injured  kidneys  give  off  a  substance  <=a 'ed  ran  n  wh  d, 
causes  constriction  of  the  blood  vessels,  thus  raising  the  blood  prcs.i 

and  completing  the  vicious  cycle.  .  calcium 

Some  of  the  solids  normally  present  ,n  the  urine,  uric  acid  and  calcium 
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phosphate,  are  not  very  soluble,  and  when  the  amount  present  in  the 
urine  is  increased,  they  may  be  precipitated  in  the  urinary  passages  as 
“kidney  stones.”  If  these  become  large  enough  to  block  the  passage  ot 
urine,  they  must  be  removed  surgically,  since  once  they  form,  it  is  im¬ 
possible  to  redissolve  them. 

n.  excretory  devices  in  other  animals 

Every  organism  has  had  to  solve  the  problem  of  getting  rid  of  meta 
bolic  wastes.  In  protozoa,  such  as  amebas  and  paramecia,  the  wastes 
simply  diffuse  through  the  cell  wall  into  the  outside  environment  where 
the  concentration  is  lower.  Protozoa  living  in  fresh  water  have  a  special 
problem  in  getting  rid  of  water,  because  their  protoplasm,  being  hyper¬ 
tonic  to  pond  water,  tends  to  absorb  it  continuously.  To  control  this 
situation,  which  would  otherwise  result  in  a  swelling  and  bursting  of 
the  cell,  they  have  a  contractile  vacuole,  a  small  vesicle  in  the  proto- 


Iig.  114.  A,  F lame  cell,  much  enlarged,  from  a  planarian.  B,  Diagram  illustrating  the 
arrangement  of  flame  cells  and  collecting  ducts  of  the  excretory  organ  of  the  planarian. 
(Hunter  and  Hunter:  College  Zoology.) 


plasm  which  empties  water  from  the  interior  of  the  cell  as  fast  as  it  is 
taken  in.  Hydras  and  other  coelenterates  also  have  direct  excretion  of 
wastes  by  diffusion  through  the  cell  membrane. 

In  larger  animals  the  elimination  of  wastes  by  diffusion  is  not  ade¬ 
quate  to  prevent  toxic  accumulations,  and  various  excretory  devices  are 
necessary.  In  flatworms  there  are  specialized  hollow  tubes  called  flame 

a  fnft  fT  4!’a°mp0Sed  of  cells  °PeninS  to  the  exterior  which  have 

\°rC1  m  a  hC  mten0r  Gnd-  Wastes  from  a11  other  cells  diffuse  into 

resemble^'th  e  ^  beatin§  of  the  cilia.  This  beating 

resembles  the  flickering  of  candlelight;  hence  the  name 
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Earthworms  have  in  each  segment  of  their  bodies  a  pair  of  specialized 
oigans,  called  nephridia,  which  function  in  excretion.  Each  nephridium 
is  a  long  coiled  tubule  (Fig.  115),  opening  at  one  end  into  the  body 
cavity  and  at  the  other  end  to  the  exterior.  Around  each  tubule  is  a  coil 
of  capillaries,  which  permits  the  removal  of  wastes  from  the  blood 
stream.  Ihe  internal  end  of  the  nephridium  is  funnel-shaped  and  sup¬ 
plied  with  beating  cilia  which  set  up  a  current  to  move  the  body  fluid 
into  the  organ.  As  the  body  fluid  passes  through,  water  and  substances 
such  as  glucose  are  reabsorbed,  while  the  wastes  are  concentrated  and 
passed  out  of  the  body. 

The  excretory  system  of  insects  consists  of  organs  called  malpighian 
tubules,  which  lie  within  the  body  cavity  and  empty  into  the  digestive 
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Fie.  115.  Cross  section  of  the  common  earthworm,  Lumbricus  terrestris,  showing  the 
excretory  organs,  the  paired  nephridia.  Each  consists  of  a  ciliated  funnel  opening  jj  °  e 
celomic  cavity,  a  coiled  tubule,  and  a  pore  opening  to  the  outside.  (Hunter  and  Hunter. 

College  Zoology.) 

tract.  Waste  products  from  the  body  cavity  diffuse  into  these  tubules 
and  are  excreted  into  the  digestive  tract,  whence  they  are  carried  to 

the  exterior  with  the  undigested  food. 

The  urinary  systems  of  all  the  vertebrates  are  essentially  the  same.  In 
the  lower  vertebrates  the  kidney  tubules  open  -to  the  body  cav  t 
instead  of  into  Bowman’s  capsules  and  thus  represent  a  type  of 
tory  organ  intermediate  between  the  nephrid.a  found  in  earth 

the  two  systems  are  frequently  considered  toge  le 
system. 
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m.  EXCRETION  IN  PLANTS 

A  striking  difference  between  plants  and  animals  is  that  plants  ex¬ 
crete  little  or  no  nitrogenous  wastes.  Those  excreted  by  animals  urea, 
uric  acid  and  ammonia — come  from  the  breakdown  oi  proteins  and 
other  substances.  Similar  nitrogenous  compounds  are  released  during 
the  metabolism  of  plant  protoplasm,  but  instead  of  being  excreted  as 
wastes,  they  are  reutilized  in  the  synthesis  of  new  protoplasm.  Since 
plants  neither  ingest  proteins  nor  carry  on  muscular  activity  (the  two 
largest  sources  of  metabolic  wastes  in  animals) ,  the  total  amount  ol 
nitrogenous  waste  is  small  and  can  be  eliminated  by  diffusion  as  am¬ 
monia  through  the  pores  of  the  leaves,  or  by  diffusion  as  nitrogen-con¬ 
taining  salts  from  the  roots  into  the  soil.  In  some  plants  a  few  waste 
products  accumulate  and  remain  as  crystals  within  the  cells;  for  example, 
spinach  leaves  contain  about  1  per  cent  oxalic  acid. 


QUESTIONS 

1.  What  is  the  difference  between  excretion  and  defecation? 

2.  Name  the  organs  which  perform  excretory  functions  in  man. 

3.  Explain  in  detail  how  metabolic  wastes  are  eliminated  from  the  body  via  the  kidney. 

4.  How  do  the  kidneys  regulate  the  osmotic  pressure  of  the  body  fluids? 

5.  What  does  the  term  “kidney  threshold”  mean? 

6.  What  is  the  composition  of  urine? 

7.  What  are  kidney  stones,  and  how  are  they  formed? 

8.  How  is  excretion  accomplished  in  one-celled  animals? 

9.  Explain  how  the  nephridia  of  earthworms  carry  on  the  excretory  process. 

10.  What  happens  to  the  metabolic  waste  products  of  plants? 
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CHAPTER  14 


THE  INTEGUMENTARY  AND 
SKELETAL  SYSTEMS 


ACCORDING  to  our  earlier  definition,  an  organ  system  is  a  group 
^  of  organs,  related  in  function,  which  operate  together  to  perform 
a  specific  and  necessary  task  for  the  maintenance  of  life.  The  skin,  which 
covers  the  body,  and  the  bony  framework  which  supports  it,  are  both 
organ  systems,  although  they  may  not  seem  to  be  so  on  first  considera¬ 
tion.  The  integumentary  and  skeletal  systems  function  independently  of 
each  other,  but  since  both  act  as  protective  devices  for  the  body,  and 
because  together  (with  the  muscles)  they  determine  the  shape  and 
symmetry  of  the  body,  we  shall  consider  them  in  the  same  chapter. 


I.  THE  SKIN 


All  multicellular  animals  are  covered  externally  by  a  skin  or  integu¬ 
ment,  consisting  of  one  or  many  layers  of  cells.  The  skin  is  much  more 
than  merely  an  outer  wrapping  for  the  animal;  it  is  one  of  the  important 
body  organs  and  performs  many  diverse  functions.  Perhaps  the  most 
obvious  and  vital  of  these  is  to  protect  the  body  against  a  variety  of 
external  agents.  Being  tough  and  pliable,  it  shields  the  underlying  cells 
from  mechanical  injuries  caused  by  pressure,  friction  or  blows.  Since  it 
is  practically  germproof  as  long  as  there  is  no  break  in  it,  the  skin  also 
protects  the  body  against  disease-producing  organisms.  Its  waterproof 
quality  protects  the  body  from  excessive  loss  of  moisture,  or,  in  aquatic 
animals  from  the  excessive  intake  of  water.  Important,  too,  is  the  pro¬ 
tection  it  affords  the  underlying  cells  from  the  harmful  ultraviolet  rays 
of  the  sun,  by  virtue  of  the  pigment  it  can  produce  (sun  tan) 

Another  necessary  function  of  the  skin  is  that  of  a  the™°^ca1'^ 
controlled  radiator,  which  regulates  the  elimination  of  heat  fiom  the 
bodv.  Since  heat  is  constantly  being  produced  by  the  metabolic  pro¬ 
cesses  of  the  cells  and  distributed  by  the  blood  stream,  a  certain  amo 
of  heat  must  be  lost  all  the  time  to  maintain  a  constant  temperature 
within  the  body.  Some  heat  leaves  the  body  in  the  expired  breath  and 

ment  the  reverse  occuih  1  ,  jts  in  an  mcreased 

of  blood  causes  the  skin  to  appear  fl  chanism  is  not  sufficient 

heat  loss.  In  very  warm  environments  this  mocha  .  of 

to  cret  rid  of  the  necessary  amount  of  heat,  so  that 
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the  skin  give  off  an  unusually  great  amount  of  perspiration.  Ihe  evap 
oration  of  sweat  from  the  surface  of  the  skin  lowers  the  body  tempera¬ 
ture  by  removing  from  the  body  the  heat  necessary  to  convert  the 
liquid  sweat  into  water  vapor— 540  Calories  are  required  to  convert  a 
liter  of  water  to  water  vapor,- 

The  skin  is  also  important  in  containing  a  number  of  different  sense 
receptors  which  are  responsible  for  our  ability  to  feel  pressure,  tempera¬ 
ture  and  pain,  and  to  discriminate  between  the  various  objects  touched 
In  addition,  specialized  glands  are  located  in  the  skin:  some  2^2  million 
sweat  glands  occur  all  over  the  body,  but  are  most  numerous  on  the 
palms  of  the  hands,  the  soles  of  the  feet,  in  the  arm  pits  and  on  the 
forehead;  oil  glands,  too,  arc  found  all  over  the  body,  but  are  especially 
numerous  on  the  face  and  scalp.  They  secrete  a  film  of  oil  to  keep  the 
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Fig.  11G.  Microscopic  section  through  the  human  skin,  showing  dermis,  epidermis,  hair,  and 

oil  and  sweat  glands. 


hair  moist  and  pliable  and  to  prevent  the  skin  from  drying  and  cracking 
Ihe  mammary  glands  of  mammals  are  also  derivitives  of  the  skin,  spe¬ 
cialized  for  the  secretion  of  milk. 

1.  Parts  of  the  Skin.  The  skin  is  composed  of  two  main  parts:  a  com¬ 
paratively  thin  outer  layer,  the  epidermis,  free  of  blood  vessels;  and  ar 
inner,  thicker  layer,  the  dermis,  packed  with  blood  vessels  and  nerve 
endings  (Fig.  116).  Although  we  speak  of  the  epidermis  as  one  layer 
it  is  really  made  up  of  several  layers  of  different  kinds  of  cells  which 

sWn  U  ”TbCr  m  ?'fIerert  parts  of  the  bof|y-  Thus,  the  thickness  of  tin 
skm  is  not  everywhere  the  same;  it  is  thickest  on  the  soles  of  the  feel 

and  the  palms  of  the  hand,  where  the  epidermal  surface  is  thrown  intr 

tern1  *SS  ^  ri<I.RCS  wb,cb  form  the  fingerprint  patterns.  These  pat 
The  ,"6  "f'?r  ln.  each  person  and  remain  constant  throughout  life 

ami  behig1  replaced  in  ‘thilway  As  e'C  t" V™  ^"“Shing  of 

bottom  ,U  it  is 
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and  scalelike.  Dandruff  consists  of  the  flaky  particles  of  dead,  outer 
epidermal  cells  of  the  scalp. 

1  he  dermis  is  much  thicker  than  the  epidermis  and  is  composed 
largely  of  connective  tissue  fibers  and  cells.  The  outer  part,  made  of 
thickly  matted  connective  tissue  fibers,  is  the  portion  which  is  tanned 
to  make  leather.  Below  this,  and  connected  with  the  underlying  muscles, 
is  a  layer  composed  of  many  fat  cells  and  a  more  loosely  woven  network 
of  fibers.  This  part  of  the  dermis  is  one  of  the  principal  depots  of  body 
fat;  because  of  its  location,  the  fat  also  helps  prevent  excessive  loss  of 
heat  and  acts  as  a  cushion  against  mechanical  injury.  The  dermis  is 
richly  supplied  with  blood  and  lymph  vessels,  nerves,  sense  organs,  sweat 
glands,  oil  glands  and  hair  follicles. 

The  color  of  the  skin  depends  on  three  factors:  the  yellowish  tinge  of 
the  epidermal  cells,  their  translucent  quality  which  allows  the  pink  of 
the  underlying  blood  vessels  to  show  through,  and  the  kind  and  amount 
of  pigment — red,  yellow  or  brown — contained  in  the  inner  layer  of 
epidermal  cells. 

2.  Outgrovi/ths  of  the  Skin.  The  hair  and  nails  of  man  and  the  feathers, 
scales  and  horns  of  other  animals  are  derivatives  of  the  skin.  The  entire 
skin,  except  the  palms  of  the  hands  and  soles  of  the  feet,  is  equipped 
with  countless  hair  follicles — inpocketings  of  cells  from  the  inner  layer 
of  the  epidermis.  These  cells  undergo  division  and  give  rise  to  the  hair 
cells,  just  as  the  inner  layer  of  the  epidermis  gives  rise  to  the  outer 
layers.  But  the  hair  cells  die  while  still  in  the  follicle,  and  the  hair  visible 
above  the  surface  of  the  skin  consists  of  tightly  packed  masses  of  their 
remains.  Hair,  then,  grows  from  the  bottom  of  the  follicle,  not  from  t  e 
tip.  Its  color,  and  that  of  feathers  and  fur  (which  is  a  form  of  hair)  de¬ 
pend  on  the  amount  and  kind  of  pigment  present,  on  the  number  of  air 
bubbles,  and  on  the  nature  of  the  surface  of  the  hair,  which  may  be 


smooth  or  rough.  .  .  .  f 

Fingernails  and  toenails  also  develop  from  inpocketings  of  cells  from 

the  inner  layer  of  the  epidermis,  and  the  growth  of  nails  is  sum  ar  o 
that  of  the  hair.  Nails  are  composed  of  densely  packed  dead  cells  which 
are  translucent,  allowing  the  underlying  capillaries  to  show  through  and 
crivinff  the  nails  their  normal  pink  color. 

°  Oil  and  sweat  glands  are  derived  from  the  inner  layer  of  the  epiderm.s 
by  inpocketings  which  go  deep  into  the  dermis.  Each  hair  follicle 

associated  with  an  oil  gland. 


IT.  THE  SKELETON 

The  first  and  most  obvious  function  of  the  skeleton  is  to  give ^support 

and ‘‘shape”  to  the  body.  In  order  "  —  ™^d" S 

and  move  around.  some tt  Dull  of  avity  and  act“  a  firm  base  for 
the  soft  tissues  against  the  pull  ot  gr  .  ^  bones. 

the  attachment  of  muscles.  These as  the 

The  skeleton  also  protects  the !  within  the  cavity  of 

performs0 the^pedaHask^Tmanufacturing  all  red  corpuscles 
^TheTkelelafsiern'isnoTmade  up  of  bones  only;  connective  tissue 
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fibers  are  an  important  part  of  it,  too,  helping  to  maintain  body  form 
bv  lidding  the  organs  together.  Two  specialized  kinds  of  connective 
tissue  fibers,  ligaments  and  tendons,  attach  bones  to  bones,  and  muscles 
to  bones,  respectively,  thereby  playing  an  indispensable  role  in  locomo- 

ti°n.  i  i  j 

3.  Types  of  Skeletons.  The  skeleton  of  an  animal  may  be  located  on 
the  outside  of  the  body  (an  exoskeleton)  or  inside  the  body  (an  endo- 
skeleton).  The  hard  shells  of  lobsters  and  crabs,  and  the  shells  of 
oysters,  clams  and  snails,  are  examples  of  exoskeletons.  The  advantage 
of  an  exoskeleton  as  a  protective  device  is  obvious,  but  a  serious  disad¬ 
vantage  is  the  attendant  difficulty  of  growth.  Snails  and  clams  meet  the 


Atlas 


Socral 


Coccygeal 


Thoracic 


Lumbar 

Fig.  117.  Different  types  of  human  vertebras.  The  axis  is  shown  in  side  view;  all  others  are 
seen  from  above.  (Hunter  and  Hunter:  College  Zoology.) 


difficulty  by  secreting  additions  to  their  shells  as  they  grow,  and  lobsters 
and  crabs  have  evolved  a  complicated  solution  whereby  the  outer  shell 
is  first  softened  by  the  removal  of  some  of  its  salts,  enabling  it  to  be 
split  down  the  back.  The  animal  then  crawls  out  of  the  old  shell,  grows 
rapidly  for  a  short  time,  and  produces  a  new,  larger  shell  which  hardens 
bill'll’"  ,  mineral  salts.  During  this  process  the  animal. 

Man  ami  “ii  ,K  n  t0|m°Ve’  ^  fa"S  pK>'  to  Hs  enemi«- 
The  skit  f  K  °  vertebrates  have  a  characteristic  endoskeleton. 

1  he  skeleton  of  sharks  and  rays  is  made  of  cartilage,  but  in  the  hitrher 

L  be:„aen  T^r  vertebrr.s  most  ot  the  caniiase  &  bliss 

number  ‘Zi«  ** 

which  at  first  are  distinct,  gradually  become  feed  Most  of  the  Zll 
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aie  hollow  and  contain  the  bone  marrow  cells,  which  manufacture  red 
and  white  blood  cells. 

4.  Parts  of  the  Skeleton.  For  purposes  of  study  the  vertebrate  skeleton 
may  be  divided  into  the  axial  skeleton  (the  bones  and  cartilages  in  the 
middle  or  axis  of  the  body),  and  the  appendicular  skeleton  (the  bones 
and  cartilages  of  the  fins  or  limbs) .  The  axial  skeleton  consists  of  the 
skull,  backbone  (vertebras),  ribs  and  breast  bone  (sternum). 

The  skull  is  made  up  of  a  number  of  bones  fused  together:  the  cranium 
or  bony  case  immediately  around  the  brain,  and  the  bones  of  the  face. 
The  lower  vertebrates  have  gill  arches,  cartilages  or  bones  supporting 
the  gill  pouches,  but  in  the  higher  vertebrates  these  have  disappeared 
or  have  been  converted  into  other  structures,  such  as  the  small  bones 
in  the  middle  ear — the  hammer,  anvil  and  stirrup — which  transmit 
sound  waves  from  the  ear  drum  to  the  inner  ear.  Certain  gill  arches  of 
fishes  have  been  transformed,  in  the  higher  forms,  to  parts  of  the 
epiglottis  and  larynx. 

The  backbone  is  made  of  thirty-three  separate  vertebras  which  differ 
in  size  and  shape  at  different  points  along  the  spine.  A  typical  vertebra 
(Fig.  117)  consists  of  a  basal  portion,  the  centrum,  to  which  is  attached, 
dorsally,  a  ring  of  bone,  called  the  neural  arch,  which  surrounds  and 
protects  the  delicate  spinal  cord.  Different  vertebras  have  different  pro¬ 
jections  for  the  attachment  of  ribs  and  muscles  and  for  articulating 
(joining)  with  neighboring  vertebras.  The  skull  articulates  with  the 
first  vertebra  (called  the  atlas),  which  has  rounded  depressions  on  its 
upper  surface  into  which  fit  two  projections  from  the  base  of  the  skull. 

The  rib  basket  is  composed  of  a  series  of  flat  bones  which  support  the 
chest  wall  and  keep  it  from  collapsing  as  the  diaphragm  contracts.  The 
ribs  are  attached  dorsally  to  the  vertebras,  each  pair  of  ribs  being  at¬ 
tached  to  a  separate  vertebra.  Of  the  twelve  pairs  of  ribs  in  man,  the 
first  seven  are  attached  ventrally  to  the  breastbone,  the  next  three  are 
attached  indirectly  by  cartilages,  and  the  last  two  have  no  attachments 
to  the  breast  bone,  and  so  are  called  “floating  ribs.” 

The  bones  of  the  appendages,  or  arms  and  legs,  and  the  girdles  which 
attach  them  to  the  rest  of  the  body,  make  up  the  appendicular  skeleton. 
The  pelvic  girdle  consists  of  three  fused  hip  bones,  and  the  pectoral 
girdle  consists  of  the  two  collar  bones,  or  clavicles,  and  the  two  shoulder 
blades,  or  scapulas.  The  pelvic  girdle  is  securely  fused  to  the  vertebral 
column,  while  the  pectoral  girdle  is  loosely  and  flexibly  attached  to  it  by 
means  of  muscles.  Both  the  pectoral  and  pelvic  fins  of  fishes  are  simple 
structures,  adapted  for  paddling.  Paleontological  evidence  shows  that 
such  fins  as  these  evolved  into  limbs  adapted  for  moving  on  land  and 
that  these  in  turn  evolved  into  wings,  hoofs  and  the  flippers  of  whales. 

The  appendages  of  man  are  comparatively  primitive,  terminating 

five  digits _ the  fingers  and  toes— whereas  the  more  specialized  append- 

«es  of  other  animals  may  be  characterized  by  four  digits  (as  in  the 
pig)  three  (as  in  the  rhinoceros),  two  (as  in  the  camel),  or  one  (as 
[he  horse) .  The  diagrams  in  Figure  1 13  illustrate  the  arrangement 

lhTh:t»,:"  ofUmanul^the  humerus  of  the  upper  arm, the  radius 
and  ulna  "I  the  fewer  arm,  the  eight  tiny  carpels  of  the  wrist,  the  five 
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slender  metacarpals  of  the  palm,  and  the  fourteen  phalanges  or  finger 
bones— two  in  the  thumb  and  three  in  each  finger.  The  leg  bones  are 
the  femur  in  the  thigh,  the  tibia  and  fibula  in  the  shank,  the  seven 
tarsals  in  the  ankle,  the  five  metatarsals  across  the  instep,  and  the 
fourteen  phalanges  in  the  toes.  The  great  toe  has  only  two  phalanges, 
every  other  toe  having  three.  The  patella  or  knee  cap  is  a  separate  bone 


fmn»  w  *  X  7 T  ,  DOnes  01  lhe  ,ert  arm  (A>  and  left  leg  (B) ,  as  seen  from  the 
Lbs  6  fundamental  sim|larity  of  pattern  in  the  arrangement  of  the  bones  in  the  two 

of  the  leg;  there  is  no  counterpart  for  it  in  the  arm. 

•  -5»  J  Point  of  junction  between  two  bones  is  called  n 

’  P  Umg  flee  movement  m  several  directions.  Both  the 
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scapula  and  hip  bone  contain  rounded,  concave  depressions  to  accommo¬ 
date  the  rounded,  convex  heads  of  the  humerus  and  femur,  respectively. 
Between  these  two  extremes  are  joints  with  moderate  freedom  of  mo¬ 
tion,  such  as  the  hinge  joint  at  the  knee,  which  is  restricted  to  move¬ 
ment  in  a  single  plane,  or  the  pivot  joints  at  the  wrists  and  ankles,  which 
are  intermediate  in  freedom  of  movement  between  the  hinge  and  the 
ball-and-socket  types. 

Wherever  two  bones  move  on  one  another,  their  ends  do  not  touch 
directly,  but  are  covered  with  smooth,  slippery  cartilage  which  reduces 
friction.  The  bearing  surfaces  are  completely  enclosed  in  a  liquid-tight 
capsule  made  of  ligaments,  and  the  joint  cavity  is  filled  with  a  liquid, 
secreted  by  the  membrane  lining  the  cavity,  which  acts  as  a  lubricant. 
This  liquid  is  similar  to  lymph  or  tissue  fluid,  but  contains  a  small 
amount  of  mucus.  During  youth  and  early  maturity  the  lubricant  is 
replaced  as  needed,  but  in  middle  and  old  age  the  supply  is  often 
decreased,  with  a  resulting  stiffness  of  joints  and  difficulty  of  movement. 

6.  Types  of  Locomotion.  Animals  differ  as  to  the  part  of  the  foot  they 
put  on  the  ground  in  walking  and  running.  Men  and  bears  walk  flat  on 
the  palm  of  the  foot,  a  type  of  locomotion  adapted  for  a  comparatively 
slow  gait,  called  plantigrade.  To  increase  the  effective  limb  length,  and 
thus  the  running  speed,  some  animals,  such  as  dogs  and  cats,  have 
become  adapted  to  running  on  their  digits,  a  type  of  locomotion  called 
digitigrade.  Speed  is  increased  still  further  in  the  hoofed  animals,  horses 
and  deer,  by  the  lengthening  of  the  limb  bones  and  the  raising  of  the 
wrist  and  ankle  still  further  from  the  ground,  so  that  the  animal  runs 
upon  the  tips  of  one  or  two  digits  of  each  limb.  This  is  known  as  unguli- 
grade  locomotion,  and  the  animals  which  have  it  are  known  as  ungulates. 


7.  The  Skeletal  System  of  Plants.  The  supporting  system  of  plants  is 
quite  different  from  that  of  animals,  but  land  plants  need  a  strong  struc¬ 
ture  to  hold  the  leaves  in  position  to  receive  the  sunlight  necessary  for 
photosynthesis.  In  place  of  the  bones  and  cartilage  of  animals,  large 
plants,  such  as  trees  and  shrubs,  have  woody  or  xylem  cells  to  support 
the  leaves,  stems  and  roots.  These  cells  secrete  a  thick  wall  of  cellulose 
imnrptrnated  with  a  complex  chemical  called  hgnin,  which,  to  date,  is 


no  wooay  material, 
turgor,  or  pressure  of 
when  such  plants  are 


of  water  within  the  cells,  to  support  the  stem,  and 
re  deprived  of  water  they  wilt  and  collapse. 


2.  Draw  a  diagram  of  a  cross-i 

3.  How  is  hair  formed? 


1 .  What  is  the  primary 


QUESTIONS 

function  of  the  skin?  Name  four  other  functions  it  performs, 
cross-section  of  the  skin,  labeling  all  the  parts. 


4.  What  three  types  of 

5.  Differentiate  betweei 
between  an  exoskeleton  ai...  — 
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6.  What  are  joints?  Why  do  they  become  stiff  in  old  age? 

7.  What  are  the  supporting  structures  of  trees  and  shrubs? 

8.  How  are  herbaceous  plants  supported? 

SUPPLEMENTARY  READING 

Romer,  A.  S.:  The  Vertebrate  Body.  Philadelphia,  W.  B.  Saunders  Company,  1949. 

A  detailed,  well-written  comparison  of  the  structures  of  the  different  types  of  vertebrates. 


CHAPTER  15 


THE  MUSCULAR  SYSTEM 


IN  MAN  and  most  animals  the  ability  to  move  depends  upon  a  group 
of  specialized  contractile  cells,  the  muscle  fibers.  In  the  vertebrates 
three  different  types  of  muscle  fiber  have  evolved  to  perform  various 
kinds  of  movements:  skeletal  muscle,  which  is  attached  to  the  bones  of 
the  skeleton;  cardiac  or  heart  muscle,  which  moves  the  blood  through 
the  circulatory  system;  and  smooth  muscle,  which  makes  up  the  walls 
of  the  digestive  tract  and  certain  other  internal  organs,  and  moves 
material  through  the  internal  hollow  organs.  All  three  types  of  muscle 
have  the  ability  to  shorten  when  stimulated,  and  ordinarily  this  stimula¬ 
tion  reaches  the  muscle  fibers  via  a  nerve.  But  both  cardiac  and  smooth 
muscle  can  contract  in  the  absence  of  nervous  stimulation,  and  both 
the  heart  and  the  digestive  tract  function  almost  normally  even  when 
all  the  nerves  leading  to  them  have  been  cut.  In  contrast,  when  the 
nerves  to  skeletal  muscle  are  severed  or  blocked,  the  muscle  is  com¬ 
pletely  paralyzed.  For  a  few  weeks  it  will  respond  to  artificial  stimula¬ 
tion,  such  as  an  electric  shock  applied  to  the  overlying  skin,  but  even 
this  ability  is  gradually  lost. 

When  the  drug  curare,  the  chief  ingredient  of  the  arrow  poison  of  the 
South  American  Indians,  is  injected,  it  blocks  the  junction  between 
nerve  and  muscle  so  that  impulses  can  no  longer  pass.  This  produces  the 
same  effect  as  the  cutting  of  the  nerves  to  all  the  muscles  of  the  body. 
The  muscles  of  a  curarized  animal  will  still  respond  to  direct  electric 
stimulation,  however,  demonstrating  that  muscle  is  independently 
irritable”  and  need  not  receive  its  stimulation  through  a  nerve  as  it 


normally  does. 

A  typical  skeletal  muscle  is  an  elongated  mass  of  tissue  composed  ot 
millions  of  individual  muscle  fibers  bound  together  by  connective  tissue 
fibers.  The  entire  structure  is  surrounded  by  a  tough,  smooth  sheet  of 
connective  tissue  so  that  it  can  move  over  adjacent  muscles  and  other 
structures  with  a  minimum  of  friction.  The  two  ends  of  the  muscle  arc 
usually  attached  to  two  different  bones,  although  a  few  muscles  nas' 
from  a  bone  to  the  skin,  or  even,  as  in  the  case  of  the  muscles  of  t  ic 
face  used  in  speech  and  expression,  from  one  part  of  the  skm  to  another. 
The  end  of  the  muscle  which  remains  relatively  fixed  when  the  n 
contracts  is  known  as  the  origin;  the  end  that  moves  's  ca  led  the  inser¬ 
tion;  and  the  thick  part  between  the  two  is  called  the  belly  fFig.  I'9’, 
The  origin  of  the  biceps  muscle  of  the  upper  arm  is  at  the  s  o 
its  Insertion  is  on  tl/radius  bone  of  the  forearm;  when  the  biceps  con¬ 
tracts  the  shoulder  remains  fixed  and  the  elbow  is  beu  . 

Muscles  never  contract  singly,  but  always  in  groups.  No  matte  how 
hard  you  try,  you  cannot  contract  the  biceps  muse  c  a  one  > 
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only  bend  the  elbow,  which  involves  the  contraction  of  a  number  of 
other  muscles  besides  the  biceps.  Further,  muscles  can  exert  only  a  pull, 
not  a  push.  Hence  they  usually  are  paired  as  antagonists,  one  pulling  a 
bone  one  way,  another  pulling  it  the  opposite  way.  The  names  flexor 
and  extensor  are  applied  to  muscles  to  indicate  the  type  ot  movement 
they  effect.  Thus  the  biceps,  which  bends  or  flexes  the  arm,  is  called  a 
flexor  and  its  opposing  muscle,  the  triceps,  with  its  origin  on  the  shoul¬ 
der  and  upper  arm,  and  its  insertion  on  the  ulna,  straightens  or  extends 


Boll  and  Socket  Joint 


Insertion 


Radius 


Ulna 


Scapula 


Belly  of  Biceps 
( Flexor ) 


Belly  of  Triceps 
( Extensor) 


Hinge  Joint 
Insertion 


tig.  119.  Muscles  and  bones  of  the  forearm,  showing  origin,  insertion  and  belly  of  a  muscle 
and  the  antagonistic  arrangement  of  the  biceps  and  triceps. 

the  forearm  and  is  called  an  extensor.  Similar  pairs  of  opposing  flexors 
and  extensors  are  found  at  the  wrist,  knee,  ankle  and  other  joints.  When¬ 
ever  a  flexor  contracts,  the  opposing  extensor  must  relax  to  permit  the 
bone  to  move,  and  this  requires  the  proper  coordination  of  the  nerve 
impulses  going  to  both  sets  of  muscles. 

When  muscles  are  not  contracting  to  effect  a  movement  they  are  not 
contacted  sHehtlv  aVi’"8  “  ‘  j  COnScious’  a"  the  muscles  arc 

by  the  partial contactbrofThT  muscles  oUhe  bal^a'ndne^k  “andol 

£ !»» -  •“=  3  £  XS  a=rts±t« 
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that  the  body  sways  neither  forward  nor  backward  on  the  legs,  and  the 
simultaneous  contraction  of  the  flexors  and  extensors  of  the  shank  locks 
the  knee  in  place  and  holds  the  leg  rigid  to  support  the  body.  When 
movement  is  added  to  posture,  as  in  walking,  a  complex  coordination 
of  the  contraction  and  relaxation  of  the  leg  muscles  is  required.  It  is  not 
surprising  that  the  process  of  learning  to  walk  is  long  and  tedious. 

Some  of  the  larger  muscles  of  the  body  are  extremely  strong.  Con¬ 
sider  the  muscle  of  the  calf  of  the  leg,  called  the  gastrocnemius,  which 
is  used  in  rising  on  one’s  toes.  Its  origin  is  at  the  knee,  and  its  insertion, 
by  way  of  the  tendon  of  Achilles,  is  on  the  heel  bone;  because  the  dis¬ 
tance  from  the  toes  to  the  ankle  joint  is  at  least  six  times  that  from 
the  ankle  joint  to  the  heel,  the  gastrocnemius  is  working  against  an 
adverse  lever  ratio  of  6:1.  This  means  that  when  a  person  weighing  150 
pounds  stands  on  one  leg  and  rises  on  his  toes,  the  one  gastrocnemius 
muscle  is  exerting  a  force  of  900  pounds;  and  if  a  man  were  to  hold 
another  person  in  his  arms  and  perform  this  action,  the  muscle  would 
be  exerting  a  force  of  nearly  a  ton. 

Because  of  nervous  coordination,  no  normal  person  can  cause  his 
muscles  to  contract  maximally,  but  in  certain  diseases  in  which  the 
nervous  control  is  absent,  muscles  do  contract  forcefully  enough  to  rip 
tendons  and  break  bones. 

1.  Kinds  of  Contraction.  To  understand  how  muscles  contract,  it  is 
necessary  to  discriminate  carefully  between  the  contraction  of  a  whole 
muscle  and  the  contraction  of  its  individual  fibers.  For  although  a  mus¬ 
cle  cannot  contract  maximally,  a  single  fiber  of  it  can  respond  only 
maximally,  or  not  at  all.  This  phenomenon,  described  as  the  “All  or 
None  Law,”  can  be  demonstrated  experimentally  by  dissecting  out  a 
muscle  fiber  and  giving  it  repeated  stimuli  of  increasing  intensity,  be¬ 
ginning  with  ones  too  weak  to  cause  contraction.  As  the  strength  of 
the  stimulus  is  increased,  there  will  be  no  response  until  a  certain  level 
is  reached,  at  which  time  the  fiber  will  contract  completely.  No  stimuli 
of  greater  intensity  can  cause  any  greater  contraction.  Since  a  whole 
muscle  is  made  up  of  thousands  of  individual  muscle  fibers,  however, 
the  nature  and  strength  of  its  contraction  depend  upon  the  number  of 
its  constituent  fibers  which  are  contracting,  and  upon  whether  the  fibers 
are  contracting  simultaneously  or  alternately.  . 

In  studying  the  different  kinds  of  contraction,  advantage  is  taken  of 
the  fact  that  a  muscle  will  retain  its  ability  to  contract  after  it  has  been 
removed  from  the  body.  The  muscle  usually  used  for  experimental  pur¬ 
poses  is  the  calf  muscle  of  a  frog,  and  if  care  is  taken  to  keep  it  moist  it 
will  contract  for  hours.  To  make  a  record  of  these  contractions,  the  mus- 
dfis  mounted  with  its  origin  attached  to  a  fixed  hook  and  its  insertion 
connected  by  means  of  another  hook,  to  a  lever  with  a  pointed  stylus 
at  its  tip  This  stylus  is  in  contact  with  a  cylinder,  covered  with  rccord- 
fnV  naner  and  revolved  by  clockwork,  so  that  each  contraction  of  the 
muscle  raises  the  stylus  and  records  its  vigor  and  duration.  Addition 
styluses  can  be  used  to  record  an  appropriate  time  scale  and  to  . 
when  the  stimulus  is  given  to  the  muscle.  stimulus— for 

A  -itch. 
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which  lasts  about  0.1  second  in  a  frog’s  muscle  and  about  0.05  second  in 
a  human  muscle.  Laboratory  records  of  a  single  twitch  (Fig.  120)  indi¬ 
cate  that  it  consists  of  three  separate  phases:  (1)  the  latent  period, 
lasting  about  0.01  second,  an  interval  between  the  application  of  the 
stimulus  and  the  beginning  of  the  visible  shortening  of  the  muscle,  (2) 
the  contraction  period,  about  0.04  second  in  duration,  during  which  the 
muscle  shortens  and  does  work;  and  (3)  the  relaxation  period,  the 
longest  of  the  three,  lasting  0.05  second,  during  which  the  muscle  returns 
to  its  original  length.  After  a  twitch  the  muscle  consumes  oxygen  and 
gives  off  carbon  dioxide  and  heat  at  a  rate  greater  than  during  rest,  indi¬ 
cating  a  recovery  period  in  which  the  muscle  is  restored  to  its  original 
condition.  This  recovery  period  lasts  for  several  seconds,  and  if  a  mus¬ 
cle  is  stimulated  repeatedly  so  that  successive  contractions  occur  before 
the  muscle  has  recovered  from  the  previous  ones,  the  muscle  becomes 


Fig.  120.  The  recording  of  a  single  twitch  of  a  frog  muscle  made  on  a  rapidly  moving 
smoked  plate,  mounted  on  a  kymograph.  The  wavy  line  at  the  bottom  was  made  by  a  tuning 
fork  vibrating  100  times  a  second.  (Carlson  and  Johnson:  The  Machinery  of  the  Body,  pub¬ 
lished  by  University  of  Chicago  Press.) 


fatigued  and  the  twitches  grow  feebler  and  finally  stop.  If  the  fatigued 
muscle  is  allowed  to  rest  for  a  time,  it  regains  its  ability  to  contract. 

.  Tetanus.  The  normal  contractions  of  the  muscles  do  not  occur  as 
single  twitches,  but  as  sustained  contractions  evoked  by  a  volley  of 
separate  stimuli  the  nerve  impulses — reaching  them  in  rapid  succession. 
Such  a  sustained  contraction  is  called  tetanus,*  and  while  it  prevails, 
the  stimuli  occur  so  rapidly  (several  hundred  per  second)  that  relaxa¬ 
tion  cannot  occur  between  successive  contractions.  In  most  tetanic  con¬ 
tractions  the  individual  muscle  fibers  are  stimulated  in  rotation,  rather 
than  simultaneously,  so  that  although  they  contract  and  relax,  the  mus¬ 
cle  as  a  whole  remains  partly  contracted.  From  personal  experience  you 
now  that  any  muscle  of  your  body  can  contract  to  different  degrees 
Tins  gradation  of  contraction  is  controlled  through  the  nervous  system-’ 
in  a  weak  contraction  only  a  small  percentage  of  the  muscle  fibers  are 

stimulated  at  one  time;  for  a  stronger  contraction  a  larger  percentage 
ofmuscle  fibers  contract  simultaneously.  g  percentage 

ficiencies  of  the  parathyroi^hormon^ or 'with5 the^Ue^s  mtUfUlar  ;S.pa®ms  occurring  in  de- 
by  abnormal  muscular  contractions  and  caused  by  the  tetanusblcillus'  ^  ’  CharaCterized 
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Tonus.  The  term  tonus  or  “tone”  refers  to  the  state  of  sustained 
partial  contraction  present  in  all  normal  skeletal  muscles  as  long  as  the 
nerves  to  the  muscle  are  intact.*  Each  muscle  is  normally  stimulated  by 
a  continuous  series  of  nerve  impulses  which  cause  a  constant,  slight 
contraction  or  tonus,  and  severing  the  nerve  to  a  skeletal  muscle  elim¬ 
inates  tonus  immediately.  Tonus  is,  then,  a  mild  state  of  tetanus,  pres¬ 
ent  at  all  times  and  involving  only  a  small  fraction  of  the  fibers  of  a 
muscle  at  any  one  time.  It  is  believed  that  the  individual  fibers  con¬ 
tract  in  turn,  working  in  relays,  so  that  every  contracting  fiber  has  a 
chance  to  recover  completely,  while  other  fibers  are  contracting,  before 
it  is  called  upon  to  contract  again. 

2.  The  Chemistry  of  Muscle  Contraction.  A  steam  engine  can  convert 
only  about  10  per  cent  of  the  heat  energy  of  its  fuel  into  useful  work; 
the  rest  is  wasted  as  heat.  But  muscles  are  able  to  use  between  20  and 
40  per  cent  of  the  chemical  energy  of  the  food  molecules,  such  as  glu¬ 
cose,  in  contraction.  The  remainder  is  converted  into  heat,  but  is  not 
wholly  wasted,  since  it  is  used  to  maintain  the  body  temperature.  In  a 
cold  place,  if  one  refrains  from  contracting  the  muscles,  the  heat  pro¬ 
duced  elsewhere  in  the  body  is  insufficient  to  keep  it  warm.  In  these 
circumstances  the  muscles  contract  involuntarily  (one  “shivers”) ,  and 
heat  is  produced  thereby  to  restore  and  maintain  normal  body  tempera¬ 


ture. 


Physiologists  and  biochemists  have  been  attempting  for  many  years 
to  solve  the  problem  of  how  protoplasm  can  exert  a  pull,  and  the  prob¬ 
lem  is  still  far  from  solved.  Chemical  analysis  reveals  that  muscle  b 
about  80  per  cent  water,  the  rest  being  mostly  protein,  with  small 
amounts  of  fat  and  glycogen,  and  two  phosphorus-containing  substances, 
phosphocreatine  and  adenosine  triphosphate.  The  actual  contractile 
part  of  a  muscle  fiber  is  believed  to  be  a  protein  chain  which  shortens 
by  folding.  The  theory  is  that  the  carbon  and  nitrogen  atoms  which  are 
linked  together  to  constitute  the  backbone  of  this  chain,  change  their 
positions  so  that  the  chain  alters  from  an  extended  form  to  a  folded  one. 
Two  proteins  are  involved  in  this,  myosin,  and  actin,  neither  of  whic 
is  capable  of  contracting  alone.  But  when  they  are  mixed  together  m  a 
test  tube,  and  potassium  and  adenosine  triphosphate  are  added  con¬ 
traction  does  occur.  This  demonstration  of  contraction  in  a  test  tube, 
made  by  Dr.  Albert  Szent-Gyorgyi,  is  one  of  the  most  exciting  disco 

eries  vet  made  in  biochemistry.  .  • 

The  first  step  in  unraveling  the  mystery  of  contraction  c°nsis 

making  analyses  to  determine  what  substances  are  used  up  in  the 

2tf!  =s 

contraction  is  an  oxidative  Proeess'  even  when  completely 

-  ■■  - 

tlguea,  ,  .  tonus  even  after  their  nerves  are  cut. 

*  Cardiac  and  smooth  muscles  also  exhibit  tonus,  even 
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oxygen.  Furthermore,  although  we  breathe  more  rapidly  dining  mus¬ 
cular  exertion,  the  accelerated  breathing  continues  tor  some  time  after 
the  physical  work  has  ceased.  This  suggests  that  oxidation  is  involved, 
not  in  muscular  contraction,  but  in  the  process  of  recovery  from  con¬ 
traction. 

The  disappearance  of  glycogen  and  the  formation  of  lactic  acid  are 
related,  for  in  the  absence  of  oxygen,  the  amount  of  lactic  acid  formed 
is  just  equivalent  to  the  glycogen  that  disappears.*  Since  the  breakdown 
of  glycogen  to  lactic  acid  requires  no  oxygen,  and  since  it  liberates 
energy  rapidly,  it  was  once  thought  that  this  reaction  is  directly  respon¬ 
sible  for  muscle  contraction.  When  oxygen  is  present,  the  muscle  oxidizes 
about  one  fifth  of  the  lactic  acid  to  carbon  dioxide  and  water,  and  the 
energy  released  by  this  oxidation  is  used  to  reconvert  the  other  four 
fifths  of  the  lactic  acid  to  glycogen.  This  explains  why  lactic  acid  does 
not  accumulate  as  long  as  muscle  has  sufficient  oxygen,  and  why  a 
muscle  becomes  fatigued  more  rapidly  (uses  up  its  glycogen  and  ac¬ 
cumulates  lactic  acid)  when  it  contracts  in  the  absence  of  oxygen. 

About  1930  it  was  found  that  when  a  muscle  is  poisoned  with  iodo- 
acetate,  which  inhibits  the  chemical  reactions  by  which  glycogen  breaks 
down  to  lactic  acid,  it  can  still  contract,  although  it  is  capable  of  twitch¬ 
ing  only  sixty  to  seventy  times  instead  of  the  200  or  more  times  achieved 
by  a  muscle  deprived  of  oxygen.  But  the  fact  that  it  can  twitch  at  all 
when  the  breakdown  of  glycogen  is  prevented,  shows  that  this  is  not 
the  primary  source  of  energy  for  contraction. 

The  other  change  that  can  be  detected  chemically  during  contraction 
is  a  breakdown  of  the  organic  phosphates — phosphocreatine  and  adeno¬ 
sine  triphosphate — to  inorganic  phosphate  and  the  corresponding  organic 
compounds,  accompanied  by  the  release  of  energy.  It  is  now  believed 
that  this  reaction  provides  the  immediate  source  of  energy  for  contrac¬ 
tion.  After  a  contraction  the  organic  phosphates  reappear  in  the  muscle, 
resynthesized  from  phosphate  and  the  organic  compounds.  The  energy 
required  for  this  synthesis  comes  from  the  breakdown  of  glycogen  to 
lactic  acid. 

The  nature  of  the  connection  between  phosphate  and  the  organic 
compounds,  creatine  and  adenylic  acid,  is  different  from  that  oT  most 
phosphate  compounds,  and  has  been  called  a  “high  energy”  phosphate 
bond.  Ihis  simply  means  that  a  great  deal  of  energy  (about  12  000 
calories)  is  involved  in  holding  the  phosphate  on  to  the  organic  com¬ 
pound,  which  is  released  when  the  bond  is  broken.  The  latest  theorv  is 
that  the  major  part,  and  perhaps  all,  of  the  energy  needed  by  the  bodv 
for  all  its  processes  must  be  converted  into  these  “high  energy”  phos¬ 
phate  bonds  to  be  available  for  use.  This  is  the  final  step  in  the  utiliza 
tion  of  food  We  mentioned  in  the  discussion  of  metabolism  that  the 
oxidation  of  glucose  to  carbon  dioxide  and  water  was  an  extremelv 
completed  process,  involving  the  formation  of  phosphorus  compound^ 
In  the  process  of  glucose  oxidation,  by  way  of  these  intermediate 

*  There  are  many  intermediate  steps  between  glycogen  and  lactic  noiU 
chemical  equation  is  as  follows:  &Cld’  but  the  overa11 


(CeHioOslx  -J-  X  I bO 
glycogen 


X  CJboOo 
glucose 


-y  2X  CJbOa  T  energy 
lactic  acid 
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phosphate  compounds,  the  energy  present  in  the  molecule  of  sugar  is 
transferred  to  these  “high  energy”  phosphate  compounds,  and  thus  made 
available  for  the  contraction  of  a  muscle,  the  conduction  of  a  nerve 
impulse,  or  the  secretion  of  a  substance  by  a  gland,  all  of  which  require 
energy. 

In  summary,  the  chemistry  of  muscle  contraction  involves  the  follow¬ 
ing  chemical  reactions: 


Organic  phosphates  Phosphate  Organic  compounds  +  Energy 

(used  in  actual  contraction) 
Glycogen  Intermediates  7—^  Lactic  acid  -f  Energy  (used  in 

resynthesis  of  organic  phosphates) 

Part  of  lactic  acid  -f-  02  - >  C02  -f-  II20  +  Energy  (used  in 

resynthesis  of  rest  of  lactic  acid  to  glycogen) 

3.  The  Oxygen  Debt.  The  fact  that  the  actual  contraction,  and  part 
of  the  recovery  from  contraction,  occur  without  oxygen  is  extremely 
important.  Our  muscles  are  often  called  upon  to  do  great  spurts  of  work, 
and  although  both  the  rate  of  breathing  and  the  heart  rate  increase  dur¬ 
ing  exertion,  oxygen  cannot  be  supplied  in  sufficient  quantities  to  per¬ 
mit  these  exertions.  During  violent  exercise,  such  as  running  the  100 
yard  dash,  glycogen  breaks  down  to  lactic  acid  faster  than  the  lactic 
acid  can  be  oxidized,  so  that  the  latter  accumulates.  In  such  circum¬ 
stances  the  muscle  is  said  to  have  incurred  an  oxygen  debt,  which  is 
afterwards  repaid  by  our  rapidly  breathing  enough  extra  oxygen  to 
oxidize  part  of  the  lactic  acid,  which  furnishes  energy  for  resynthesizing 
the  rest  to  glycogen.  During  a  long  race  a  runner  may  reach  an 
equilibrium  in  which  he  gets  a  “second  wind,  and,  because  of  the  in¬ 
crease  in  breathing  and  heart  rate,  takes  in  enough  oxygen  to  oxidize 
the  lactic  acid  formed  at  that  moment,  so  that  the  oxygen  debt  is  not 

increased 

4.  Fatigue.  A  muscle  that  has  contracted  many  times  and  exhausted 
its  store  of  organic  phosphates  and  glycogen,  and  accumulated  lactic 
acid  is  unable  to  contract  any  more  and  is  said  to  be  fatigued.  Fatigue 
is  primarily  induced  by  this  accumulation  of  lactic  acid,  although  ani¬ 
mals  feel  fatigue  before  the  muscle  reaches  the  exhausted  condition. 

The  exact  spot  most  susceptible  to  fatigue  can  be  demonstrated  ex¬ 
perimentally  if  a  muscle  and  its  attached  nerve  are  dissected  out  and 
the  nerve  stimulated  repeatedly  by  electric  shocks  until  the  muscle  no 
louver  contracts  (Fig.  121)-  If  tlie  muscle  is  then  stimulated  directly, 
by  pkdng  the  electrodes  on  the  muscle  tissue,  it  will  respond  vigorously; 
and  with  the  proper  apparatus  for  detecting  the  passage  of  nerve  cur¬ 
rents  it  can  be  shown  that  the  nerve  leading  to  the  muscle  is  not 
fatigued  being  still  capable  of  conduction.  The  point  of  fatigue,  then 
is  the  junction  between  the  nerve  and  the  muscle,  that  point  w  ere 

of  the  nature  of  muscle  contraction.  One  states  that  the  encr^.N  or 
released  from  the  organic  phosphate 

^thTpTysUf  «tr  automatically  rela.es. 
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The  other  states  that  contraction  resembles  the  releasing  of  a  stretched 
spring,  the  muscle  before  contraction  being  analogous  to  a  spring  that 
has  been  stretched  and  held  by  a  kind  of  trigger  mechanism.  When  this 
trigger  is  tripped  by  the  nerve  impulse,  the  spring  contracts;  energy  is 
then  required  to  restretch  the  spring  for  the  next  contraction.  The  latest 
evidence  favors  the  second  hypothesis,  that  energy  must  be  supplied 
to  make  the  muscle  fiber  relax,  and  that  it  contracts,  releasing  energy, 
when  its  “trigger”  is  pulled.  When  a  muscle  is  stimulated  repeatedly 
and  becomes  fatigued,  it  does  not  gradually  lose  its  ability  to  contract; 
instead,  its  relaxations  becomes  slower  and  more  labored,  and  when 
fully  fatigued,  it  can  no  longer  relax,  but  must  remain  contracted.  This 
condition  we  call  “cramps.”  After  death,  also,  the  muscles  lose  their 
power  to  relax  and  go  into  a  state  of  contraction  (the  so-called  rigor 
mortis),  which  lasts  until  the  muscle  fibers  begin  to  disintegrate. 

When  a  muscle  contracts,  it  becomes  shorter  and  fatter,  but  there  is 


fig.  121.  I'atigue.  (  ontraetions  of  a  frog  muscle  (recorded  by  means  of  a  kymograph)  in¬ 
duced  by  lapidly  repealed  stimuli  applied  to  the  nerve  of  the  muscle.  When  the  muscle  no 
longer  responded  to  nerve  stimulation,  stimuli  applied  directly  to  the  muscle  (beginning  at 
M)  caused  definite  contractions,  demonstrating  that  the  fatigue  was  not  primarily  in  the 
muscle  itself.  (Carlson  and  Johnson:  i  he  Machinery  of  the  Body,  published  by  University 
of  Chicago  Press.) 


no  change  in  its  total  volume.  This  has  been  shown  experimentally  by 
dissecting  out  a  muscle,  placing  it  in  a  glass  vessel  with  a  narrow  neck, 
and  filling  the  vessel  with  water.  The  muscle  is  then  stimulated  elec¬ 
trically,  and  as  it  contracts  and  relaxes,  there  is  no  change  in  the  water 
level  in  the  neck  of  the  vessel. 

6.  Cardiac  and  Smooth  Muscle.  The  muscles  of  the  heart  and  internal 
organs,  though  resembling  skeletal  muscle  in  a  general  way,  have  certain 
distinctive  characteristics.  They  are  both  much  slower  to  contract  than 
skeletal  muscle:  while  skeletal  muscle  fibers  contract  and  relax  in  0  1 

m3ds’  Car,"f  miTle  re<luires  from  one  to  five  seconds,  and  smooth 

^re  prolonged  to  180  seconds'  AI1  the  Phases  ot  contraction 

Smooth  muscle  exhibits  wide  variations  in  tonus;  it  may  remain  almost 
elaxed  or  tightly  contracted.  And  it  also,  apparently  can  maiMain 
e  shortened  condition  of  tonus  without  the  expenditure  of  energy  per- 

fibers  *  re°rgan,zation  of  the  Protein  chains  making  up  the 

a  fong  refra c to ry '  p eri  o di  "iU 

^^^tnwUh:;  CT  r,rnlly’ H 

maintain  a  eTntraeUd  sTate  ‘  f°"°W  «uickly  enougl>  * 
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7.  The  Muscles  of  Lower  Animals.  The  muscles  of  all  animals  from 
the  flatworm  to  man  are  similar  in  that  they  are  all  made  of  long  cylin¬ 
drical  or  spindle-shaped  fibers  which  are  contractile  because  of  their 
protein  chains.  Even  the  coelenterates,  which  lack  true  muscle  fibers, 
have  cells  which  can  contract.  Differences  do  exist,  however;  for  example, 
most  of  the  invertebrates  have  only  smooth  muscle,  whereas  arthropods 
have  only  striated  muscle.  Electrical  phenomena  are  associated  with  all 
types  of  muscle  contraction,  (cf.  the  electrocardiograph;  p.  152).  but  in 
some  animals,  such  as  the  electric  eel,  specialized  muscle  cells  have 
evolved  in  which  contraction  is  at  a  minimum  and  the  production  o', 
electricity  is  at  a  maximum.  The  “electric  organ”  of  the  eel  may  produce 
a  potential  of  400  volts  or  more,  sufficient  to  stun  or  kill  the  fish  on 
which  it  preys,  and  to  give  quite  a  jolt  to  a  man. 


QUESTIONS 

1.  What  are  the  three  types  of  muscle  fiber,  and  what  are  their  distinguishing  character¬ 
istics? 

2.  Describe  a  typical  skeletal  muscle. 

3.  What  is  tonus?  ,.  . 

4.  State  the  “All-or-None”  Law.  Does  the  muscle  as  a  whole  operate  according  to  this 

principle?  If  not,  what  does  control  the  degree  of  contractions? 

5.  What  is  tetanus? 

6.  What  causes  the  phenomenon  of  shivering?^ 

7.  What  is  meant  by  the  term  “oxygen  debt?” 

8.  Explain  in  detail  how  fatigue  is  caused. 

9.  What  happens  when  a  muscle  contracts?  When  it  relaxes. 

10.  What  is  responsible  for  the  contractile  quality  of  a  muscle  fiber. 
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THE  NERVOUS  SYSTEM 


TO  KEEP  the  various  parts  of  anything  as  complicated  as  the  human 
body  functioning  properly  requires  a  correspondingly  complex  co¬ 
ordinating  device;  the  nervous  system,  which  integrates  the  activities 
of  all  the  parts  of  the  body,  is  undoubtedly  the  most  complex  of  all  the 
body  systems.  The  muscles  and  glands  of  an  animal  are  collectively 
called  effectors;  the  eyes,  ears  and  other  sense  organs  are  known  as  the 
receptors.  The  nervous  system,  composed  of  brain,  spinal  cord  and 
nerve  trunks,  connects  receptors  with  effectors  and  conducts  impulses 
or  “messages”  from  one  to  the  other.  It  is  able  to  do  all  this  in  such  a 
way  that  the  proper  effector  responds  when  a  given  receptor  is  stim¬ 
ulated.  The  two  chief  functions  of  the  nervous  system  are,  then,  con¬ 
duction  and  integration. 

1.  Neurons.  Although  their  interrelations  are  exceedingly  complex, 
the  cells  which  constitute  the  nervous  system,  called  neurons,  are  all 
fundamentally  similar,  consisting  of  one  or  more  axons,  one  or  more 
dendrites  (see  p.  43),  and,  in  between,  a  cell  body,  containing  the  nu¬ 
cleus.  Neurons  differ  widely  in  the  shape  of  the  cell  body,  and  in  the 
length,  number  and  amount  of  branching  of  the  axons  and  dendrites. 
Ihey  are  subdivided  into  sensory,  motor  and  connector  neurons  on  the 
basis  of  their  connections.  Thus,  sensory  neurons  have  their  dendrites 
connected  to  receptors,  and  their  axons  connected  to  other  neurons- 
motor  neurons  have  their  dendrites  connected  to  other  neurons,  and 
their  axons  to  some  effector;  connector  neurons  have  both  dendrites 
and  axons  connected  to  other  neurons.  The  simplest  pathway  that  a 

nerve  impulse  can  follow  consists  of  one  sensory,  one  connector  and 
one  motor  neuron. 

The  nerve  trunks  or  nerves  of  the  body  consist  of  large  numbers  of 
.rxons  and  dendrites  bound  together  in  a  common  connective  tissue 
sheath.  The  cell  bodies  of  the  neurons  are  not  scattered  at  random 
aong  these  nerve  trunks,  but  occur  in  aggregations,  called  ganglia 

f  they  occur  outside  the  brain  and  spinal  cord,  and  nerve  center!  if 
they  occur  within  the  brain  or  spinal  cord. 

In  addition  to  and  surrounding  the  cel'l  membrane  of  the  axon  and 
duidute,  may  be  one  or  two  nerve  sheaths,  an  outer  neurilemma  and  an 
inner  myehn  sheath  (Fig.  122).  The  neurilemma  sheath  is  cellular  Th! 

a  white 'S  C°'!lI>OSed  of  n°ncellular,  fatty  substances  which  give 
<  vhite  appearance  to  nerves  which  have  it  Nerv^  -4.1  ? 

cord  and  brain  have  only  a  myelin 

have  a  neurilemma  sheath  and  a  thin  myelin  sheath  so  that  th 
gray  rather  than  white  Nerves  tn  {•  ,  7  s  that  tliey  are 

both  sheaths.  °  the  skm  and  skeIetal  muscles  have 
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The  function  of  these  sheaths  is  not  clear.  The  position  of  the  myelin 
sheath  suggests  that  it  may  act  as  insulation,  preventing  the  nerve 
impulse  from  passing  from  one  fiber  to  another  and  thus  causing  the 
wrong  effector  to  be  stimulated,  but  there  is  no  positive  evidence  for 
this  suggestion.  Or  one  might  suppose  that  the  myelin  sheath  acts  as 
a  reserve  supply  of  nourishment  for  the  fiber,  but  the  available  evidence 
indicates  that  the  fiber  receives  its  nourishment  solely  from  the  cell  body. 
Another  theory  is  that  the  myelin  sheath  functions  to  increase  the  speed 
of  conduction  of  the  nerve  impulse.  In  man  and  other  mammals  a  nerve 
impulse  is  conducted  about  300  feet  per  second  in  a  myelinated  nerve, 
and  25  to  50  feet  per  second  in  the  nerves  going  to  the  internal  organs, 
which  have  only  a  thin  myelin  sheath.  But  there  is  no  proof  that  the 
greater  speed  of  conduction  of  the  former  is  due  to  the  myelin  sheath 
and  not  to  some  other  property  of  the  nerve. 

The  neurilemma  sheath  seems  to  play  some  role  in  the  regeneration  of 
a  cut  nerve  fiber  (axon  or  dendrite) .  When  fibers  are  severed,  the  parts 


-Nerve  Fiber 
-Nucleus  of  Neurilemma  Sheath  Cell 


Myelin  Sheath 
Neurilemma  Sheath 
Fig.  122.  A  typical  nerve  fiber  and  its  surrounding  sheaths. 

on  the  side  of  the  cut  away  from  the  cell  bodies  degenerate  and  disap¬ 
pear  in  a  few  weeks,  leaving  the  hollow  tubes  of  the  neurilemma  sheaths. 
If  the  cut  ends  of  the  whole  nerve  trunk  are  then  clamped  or  sewed 
together,  the  nerve  fibers  may  grow  from  the  cut  ends  out  through 
the  tubes  formed  by  the  neurilemma  sheaths  which  surrounded  th 
degenerated  fibers,  to  the  structures  innervated  by  the  original  fiber  . 
IiAhis  way  the  sensations  and  muscular  control  lost  when  the  nerve  was 
cut  may  be  regained.  The  length  of  time  required  for  regeneration  de- 
pends  cm  how  far  the  nerve  has  to  grow;  as  much  as  two  years  may  b 
necessary  When  a  cut  occurs  in  the  brain  or  spinal  cord,  where  the 

“  2S  Tto  lCS!Sta^U.0ThV^  ofbthenrturT'of  the  nerve  impulse 
has' been  fraught  with  special 

5SSTS.  w  Xve  off  more  carbon divide  and  heat  * 

thatS(«idatfve 'processes  involved  In  the  conduction  of  an  impulse, 
orfn  the  recovery  of  the  nerve  after  conducts,  or  both. 
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With  the  discovery,  about  a  century  ago,  that  the  nerve  impulse  is 
accompanied  by  certain  electrical  changes,  arose  the  belief  that  the 
impulse  itself  is  an  electric  current.  At  that  time  the  speed  of  electricity 
was  known  to  be  fast,  and  it  was  predicted  that  the  speed  of  the  nerve 
impulse,  being  just  as  fast,  could  not  be  measured.  1  en  years  later, 
Ilelmholz  measured  the  speed  of  impulse  conduction  in  nerves  by  stim¬ 
ulating  the  nerve  to  a  muscle  at  different  distances  from  the  muscle, 
and  measuring  the  elapsed  time  between  stimulus  and  contraction.  In 
this  way  he  demonstrated  that  the  nerve  impulse  travels  much  more 
slowly  than  electricity — at  about  100  feet  per  second  in  frog  nerves. 
This,  of  course,  was  evidence  that  the  nerve  impulse  is  not  an  electric 
current  similar  to  that  in  a  copper  wire.  Furthermore,  dead  or  crushed 
nerves  still  conduct  electricity,  but  not  nerve  impulses,  and  whether  a 
nerve  is  stimulated  electrically  or  by  touch,  heat  or  chemicals,  the 
resulting  impulse  travels  at  the  same  rate  of  speed.  A  nerve  impulse, 
then,  is  not  an  electric  current,  but  an  electrochemical  disturbance  in 
the  nerve  fiber.  A  stimulus  instigating  this  disturbance  in  one  section 
of  a  nerve  fiber  causes  a  similar  disturbance  in  the  adjacent  section,  and 
so  on  until  the  impulse  reaches  the  end  of  the  fiber.  The  transmission  of 
an  impulse  is  thus  analogous  to  the  burning  of  a  fuse:  the  heat  given 
off  by  the  burning  of  one  section  causes  the  next  section  to  catch  fire, 
and  so  on.  Of  course,  in  the  nerve,  it  is  not  the  heat  given  off  by  one 
section  which  stimulates  the  next,  but  the  electrical  changes  which  occur. 

The  transmission  of  the  nerve  impulse  shows  further  similarities  to 
the  burning  of  a  fuse.  The  rate  at  which  a  fuse  burns  is  independent  of 
the  amount  of  heat  applied  to  light  it,  provided  enough  heat  is  applied 
to  light  it  at  all.  Furthermore,  the  method  of  setting  it  off  is  unimpor¬ 
tant.  The  same  thing  is  true  of  a  nerve.  It  will  not  respond  unless  a 
stimulus  of  a  certain  minimum  intensity  is  applied,  but  increasing  the 
strength  of  the  stimulus  beyond  this  minimum  does  not  cause  the  im¬ 


pulse  to  travel  any  faster.  This  is  due  to  the  fact  that  energy  for  con¬ 
ducting  the  impulse  is  derived  from  the  nerve  itself  and  not  from  the 
stimulus.  The  phenomenon  is  expressed  in  the  AII-or-None  Law:  the 
nerve  impulse  is  independent  of  the  nature  or  strength  of  the  stimulus 
setting  it  off,  if  the  stimulus  is  strong  enough  to  set  it  off  at  all.  But 
although  the  rate  of  conduction  is  independent  of  the  strength  of  the 
stimulus,  it  does  depend  on  the  state  of  the  nerve  fiber,  and  drims  can 
retard  or  prevent  the  transmission  of  an  impulse. 

The  analogy  between  a  fuse  and  a  nerve  breaks  down,  because  a 
burned  fuse  is  gone  forever,  while  a  nerve  fiber  is  capable  of  recovering 
and  transmitting  other  impulses.  It  does  not  do  this  immediatelv  how¬ 
ever;  a  definite  period  of  time  elapses  after  the  passage  of  one  impulse 
before  the  fiber  can  transmit  another.  This  interval,  known  as  the 
refractory  period,  lasts  from  0.001  to  0.005  second.  During  this  time 

oriZl  condition^'0  Whlch  reSt0re  the  fiber  ^ 


So  far  as  we  know,  the  impulses  transmitted  by  all  tvpes  of  neurons- 
motor,  sensory  and  connector — are  essentially  alike  The  feet  tt, 
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due  entirely  to  the  nature  of  the  structures  to  which  the  impulses  travel, 
and  not  to  any  peculiarity  of  the  impulses  themselves. 

Although  a  nerve  fiber  can  be  stimulated  anywhere  along  its  length, 
stimulation  normally  occurs  at  one  end  only,  from  which  the  impulse 
passes  along  the  fiber  to  the  other  end.*  The  junction  between  con¬ 
secutive  neurons  is  called  a  synapse.  A  nerve  impulse  is  transmitted 
from  the  tip  of  the  axon  of  one  neuron  to  the  dendrite  of  the  next  across 
the  synaptic  junction  by  means  of  a  chemical  secretion  at  the  tip  of  the 
axon.  This  initiates  a  nerve  impulse  in  the  dendrite  of  the  next  neuron. 
Transmission  across  the  synapse  is  considerably  slower  than  transmis¬ 
sion  along  the  nerve.  Impulses  normally  pass  in  one  direction  only: 
those  in  sensory  neurons  pass  from  the  sense  organs  to  the  spinal  cord 
and  brain;  those  in  motor  neurons,  from  the  brain  and  spinal  cord  to  the 
muscles  and  glands.  The  synapse  controls  this,  because  only  the  tip  of 
the  axon  is  capable  of  secreting  the  chemical  which  stimulates  the  next 
neuron.  Any  individual  nerve  fiber  can  conduct  an  impulse  in  either 
direction;  if  it  is  stimulated  electrically  in  the  middle,  two  impulses  will 
be  set  up,  one  going  in  one  direction  and  one  in  the  other  (these  can 
be  detected  by  appropriate  electrical  devices) ,  but  only  the  one  going 
toward  the  axon  can  stimulate  the  nexi  neuron  in  line.  The  one  going 
toward  the  dendrite  will  stop  when  it  arrives  at  the  tip. 

The  chemical  and  electrical  processes  involved  in  the  transmission  of 
a  nerve  impulse  aie  similar  in  many  ways  to  those  involved  in  muscle 
contraction.  But  a  transmitting  nerve  expends  little  energy  compared  to 
a  contracting  muscle;  the  heat  produced  by  1  gm.  of  nerve,  stimulated 
for  one  minute,  is  equivalent  to  the  energy  liberated  by  the  oxidation  of 
0.000001  gm.  of  glycogen.  This  means  that  if  a  nerve  contained  only  1 
per  cent  glvcogen  to  serve  as  fuel,  it  could  be  stimulated  continuous  v 
for  a  week' without  exhausting  the  supply.  Nerve  fibers  are  practically 
incapable  of  being  fatigued  as  long  as  an  adequate  supply  of  oxygen 
is  available.  Whatever  mental  fatigue  may  be,  it  is  not  a  real  fatigue 

°fThe  generally  accepted  theory  of  the  nature  of  the  nerve  impulse  is 
the  membrane  theory.  According  to  this,  the  membrane  <hnjr 

each  nerve  fiber  is  semipermeable,  allowing  certain  ions,  but  not  al. 
topenetrate  it.  The  metabolic  activities  of  the  nerve  maintain  this 
membrane  in  a  polarized  state;  that  is,  there  is  an  extra  ">™ber  0 

positive  ions  (positively  charged  chemical  Xce  so  that 

face,  and  an  equal  excess  of  negative  ions  on  “  7^^ The  positive 
the  resting  nerve  resembles  a  charged  condenser  (F  g.  ~ 

the  membrane  due  to  the  excess  of  positive  ions  outside  and  neg 

ions  inside  is  from  0.03  to  0.00  volts.  stimulation  depolarizes 

When  a  nerve  is  stimulated  at  one  point, 

*  The  only  nerve  that  is  occasionally  stimulated^  a of  the  skin 

the  end.  is  .he  “crazy  bone”  nerve.  "V  "“X  '-in  ^ch  coH  pressure,  and  so  on.  which 
at  the  elbow.  This  nerve  is  made  up  of  T,  when  it  is  bumped.  The  other  nerves  are 

is  why  one  receives  the  tinshnS.  ^  ^  vulnerabIe  lo  s„eh  stimulation;  but  if  they 

"sttouS”r  AiV%,  the  same  peculiar  sensation  would  result. 
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the  membrane  and  increases  its  permeability,  so  that  the  ions  from  the 
adjacent  not-yet-activated  region  pass  through  the  depolarized  region 
and  neutralize  each  other  (Fig.  123) .  This  depolarizes  the  adjacent 
region  and  makes  it  permeable  to  the  migration  of  ions  from  the  next 
region,  and  so  on.  In  this  way  the  nerve  impulse  moves  along  the  surface 
of  the  nerve  fiber  as  a  wave  of  depolarization  of  the  membrane.  It  seems 
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Fig.  123.  Diagram  illustrating  the  membrane  theory  of  nerve  transmission.  A,  Resting 
nerve,  showing  the  polarization  of  the  membrane  with  positive  charges  on  the  outside  and 
negauve  ones  inside.  B,  Nerve  conducting  an  impulse,  showing,  from  left  to  right  the  p^ 
nilly  repolarized  region  behind  the  impulse,  the  depolarized  region  where  the  impulse  is  and 

zzstzsg?* in  ,,,c  ~~ ot  **  L  m 

probable  that  some  chemical  reactions  must  occur  in  the  denokrized 
membrane  to  make  it  permeable,  and  other  reactions  must  occur  during 
he  refractory  period  to  recharge  the  membrane  and  prepare  it  to  be 
depolanzed  by  the  next  impulse.  Although  there  are  many  other  details 

1™  T'T  °f  thC  ',’erVe  lmpulse  rest*  o»  this  rather  simple  electro- 
anrl  '"W-hainsm.  All  the  complex  phenomena  of  reflexes  learning 

,h“  sJra 
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1  epolarize  the  membrane.  And  it  accounts  also  for  the  all-or-none 
phenomenon,  since  no  matter  what  the  strength  of  the  stimulus,  the 
depolarization  can  go  only  as  far  as  zero. 

3.  Transmission  at  the  Synapse.  The  process  whereby  a  nerve  impulse 
is  transmitted  across  a  synapse  from  one  neuron  to  the  next  is  not 
perfectly  understood.  It  was  once  believed  that  an  impulse  reaching  the 
end  of  one  neuron  simply  excites  the  next  one  as  though  it  were  a  con¬ 
tinuation  of  the  first,  and  this  may  actually  happen  at  certain  synapses. 
But  at  others  a  completely  different  mechanism  operates,  one  which  de¬ 
pends  on  the  secretion  of  a  chemical  substance,  called  a  neurohumor, 
by  the  tip  of  the  axon.  This  chemical  then  diffuses  to  the  dendrite  of 
the  next  neuron  or  to  the  muscle  or  gland  innervated,  and  stimulates  it. 

The  existence  of  these  chemicals  was  discovered  in  experiments  on 
the  heart,  an  organ  supplied  with  two  sets  of  nerves,  one  which  speeds 
it  up,  another  which  slows  it  down.  When  a  frog's  heart  is  isolated  from 
the  body,  and  the  vagus  (inhibitory)  nerve  to  it  is  stimulated,  it  stops 
beating.  If  the  heart  is  then  washed  out  with  salt  solution,  and  the  fluid 
is  placed  in  a  second  heart,  the  latter  also  stops!  Therefore,  the  vagus 
nerve  must  release  some  chemical  which  inhibits  the  heart  beat.  Further 
research  has  shown  this  substance  to  be  a  relatively  simple  chemical 
called  acetylcholine;  pure,  synthetic  acetylcholine  has  the  same  effect. 
Here  the  chemical  transmission  is  from  nerve  to  muscle,  but  the  same 


mechanism  is  involved  in  at  least  some  types  of  synapses  between  two 
neurons.  By  similar  experiments  it  has  been  shown  that  the  nerves 
speeding  up  the  heart  also  release  a  chemical  substance,  called  sym¬ 
pathin,  &which  is  similar  to  or  identical  with  the  hormone  epinephrine. 
You  many  wonder  why,  if  the  tip  of  the  axon  secretes  a  substance  such 
as  acetylcholine,  that  substance  does  not  stimulate  the  next  dendrite 
or  the  muscle  continuously.  The  answer  is  that  blood  and  most  tissues 
contain  a  potent  enzyme,  called  cholinesterase,  which  specifically  de¬ 
stroys  acetylcholine,  thereby  preventing  its  continued  effect.  A  ditterent 

enzyme  oxidizes  sympathin.  .  .  , 

It  is  not  yet  definitely  known  whether  transmission  across  the 

synapses  in  the  brain  and  spinal  cord  is  by  means  of  acetylcholine, 
sympathin  or  some  other  chemical,  or  by  an  electrical  mechanism. 
^The  synaptic  junction  is  a  point  of  resistance  to  the  flow  of  impulses 
in  the  nervous  system,  and  not  every  impulse  reaching  the  synapse  is 
transmitted  to  the  next  neuron.  The  resistance  varies  in  different 

xsvas  2  sr  2*  •  aatrsf.t  ss 

digestion  and  breath  mg  may  <  P  affected  temporarily, 

that  every  muscle  and  gland  m  the  bod^  J  you  may  wonder 

arc  ™>t  constantly  contracting  and 
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secreting.  That  they  are  not  is  due  to  the  selective  resistance  at  the 

synaptic  junction.*  .  . 

*  The  amount  of  synaptic  resistance  can  be  modified  by  nerve  impulses, 

so  that  one  impulse  cancels  out  the  effect  ol  another.  1  h is  is  known  as 
inhibition.  The  opposite  condition,  whereby  one  impulse  strengthens 
another,  is  called  reinforcement.  These  two  processes  are  ol  prime  im¬ 
portance  in  effecting  integration  of  body  activities.  We  have  seen  that 
all  the  muscles  of  the  body  are  in  a  state  ol  constant,  slight  contraction, 
known  as  tonus,  due  to  a  constant  volley  of  nerve  impulses  reaching 
them.  But  when  one  muscle,  such  as  the  triceps,  is  to  contract,  its  an¬ 
tagonist,  the  biceps,  must  relax.  This  is  achieved  by  the  simultaneous 
operation  of  impulses  which  inhibit  the  volley  of  impulses  to  the  biceps, 
and  of  impulses  which  reinforce  the  volley  to  the  triceps.  Inhibition  and 
reinforcement  can  occur  only  at  the  synapse,  since  once  an  impulse 
starts  along  a  neuron,  it  can  be  neither  stopped  nor  accelerated.  Whether 
or  not  a  given  impulse  crosses  a  synapse  depends  on  whether  it  is  in¬ 
hibited  or  reinforced  by  other  impulses. 


I.  THE  PARTS  OF  TIIE  NERVOUS  SYSTEM 


The  ten  billion  or  so  neurons  which  make  up  the  nervous  system  are 
divided  into  two  main  parts:  those  belonging  to  the  central  nervous  sys¬ 
tem,  which  make  up  the  brain  and  spinal  cord,  and  those  belonging  to  the 
peripheral  nervous  system,  which  make  up  the  cranial  and  spinal  nerves. 

4.  The  Central  Nervous  System:  'Vhe  Spinal  Cord.  The  tubular  spinal 
cord,  which  is  surrounded  and  protected  by  the  neural  arches  of  the 
vertebrae,  has  two  important  functions:  to  transmit  impulses  to  and 
from  the  brain,  and  to  act  as  a  reflex  center.  In  cross  section  it  is  seen 


to  consist  of  two  regions,  an  inner,  butterfly-shaped  mass  of  gray  matter, 
made  up  of  nerve  cell  bodies,  and  an  outer  mass  of  white  matter  made 
up  of  bundles  of  axons  and  dendrites  (Fig.  124) .  The  whiteness  of  these 
bundles  is  due  to  the  myelin  sheaths  of  the  axons  and  dendrites;  the 
ends  of  the  axons  and  dendrites,  present  in  the  central  gray  matter, 
have  no  myelin  sheath.  The  wings  of  the  gray  matter  are  divided  into 
two  dorsal  horns  and  two  ventral  horns.  The  latter  contain  the  cell 
bodies  of  motor  neurons,  whose  axons  pass  out  through  the  spinal  nerves 
to  the  muscles;  all  the  other  neurons  in  the  spinal  cord  are  connector 


neurons. 

1  he  axons  and  dendrites  of  the  white  matter  are  segregated  into 
bundles  with  similar  functions:  the  ascending  tracts,  which  carry  im¬ 
pulses  to  the  brain,  and  the  descending  tracts,  which  carry  impulses 
from  the  brain  to  the  effectors.  Neurologists  have  patiently  collected 
data  on  persons  with  injured  spinal  cords,  and  by  carefully  noting  the 
symptoms,  .and  correlating  these  with  the  particular  tracts  found  to  be 
estroyed  when  the  patient’s  nervous  system  was  examined  after  death 

tracts  "’a|>  T  and  functio"s  of  ‘he  various 

facts  (Fig.  124).  Por  example,  the  dorsal  columns  of  the  white  matter 

.ansimt  unpulses  originating  in  the  sense  organs  of  muscles,  tendons 
suffering  fZ  ‘stryZine  [IZX^ehnin^Zs  the  ' efe  a™  7  *  •**”  “  » 

7ZZlX  U'at  ^  **“*  SlimUlUS  “tS  eontrt~VhZS 
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and  joints,  by  means  of  which  we  are  aware  of  the  position  of  the  parts 
of  the  body.  Often  in  advanced  syphilis  these  columns  are  destroyed,  so 
that  the  patient  cannot  tell  where  his  arms  and  legs  are  unless  he  looks 
at  them,  and  he  must  watch  his  feet  in  order  to  walk. 

One  curious  fact,  still  not  satisfactorily  explained,  emerged  from  these 
studies  of  the  location  and  function  of  the  fiber  tracts.  All  the  fibers 
in  the  spinal  cord  cross  over  from  one  side  of  the  body  to  the  other 
somewhere  along  their  path  from  sense  organ  to  brain,  or  from  brain 
to  muscle.  Thus  the  right  side  of  the  brain  controls  the  left  side  of  the 


Fig  124  Cross  section  of  the  spinal  cord  surrounded  by  the  bony  vertebra,  showing  the 
meninges  ( dura  mater,  pia  mater  and  arachnoid),  the  gray  matter,  and  some  of  the  impor¬ 
tant  nerve  tracts  of  the  white  matter. 


Bony  Ring  of  Neurol 
Arch  of  Vertebro 


Dura  Mater 


Pia  Mater 


Tracts  for  Impulses 
of  Muscle  Sense 


Tracts  to  Cerebellum 
for  Muscle  Coordination 


Central  Conal 

.Gray  Matter 

Tracts  for  Impulses  of 
Touch  and  Pressure 


Arachnoid 


Tracts  to  Muscles 
for  Movement 


Tracts  for  Impulses 
of  Pain ,  Heat  and 
Cold 


body  and  receives  impressions  from  the  sense  organs  of  the  left  side 
Some  fibers  cross  in  the  spinal  cord  itself;  others  cross  in  the  brain. 

In  the  center  of  the  gray  matter  is  a  small  canal,  running  the  entire 
length  of  the  spinal  cord,  filled  with  cerebrospinal  fluid,  which  is  similar 
to  plasma  The  spinal  cord  and  brain  are  wrapped  in  three  sheets  o 
connective  tissue,  known  as  meninges.*  One  of  these  sheets  (dura 
mater)  is  fastened  against  the  bony  neural  arches  of  the  vertebras;  ano  I, e 
(pia  mater)  is  located  on  the  surface  of  the  spinal  cord,  and  the  third 
arachnoid  lies  between.  The  spaces  between  the  meninges ‘  are  ' 
with  more  cerebrospinal  fluid,  so  that  the  spinal  cord  (and  £e °ram)f 
floats  in  this  liquid  and  is  protected  from  bouncing  against  the 

thT^ST^^  corrida tion  between  the  size  of  the  brain 

and  what  Train^zeTo^t  600°cc  Our 

1500  cc.,  while  the  higher  apes  :nfprmpdiate-sized  brains:  Java 

\STZZ™  cc;  and  Ne- 

*  Meningitis  is  a  disease  in  winch  these  wrappings  become  infected  and  mflam  . 
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anderthal  man,  1550  cc.  The  important  factor  is  not  absolute,  but  rela¬ 
tive,  size,  however,  since  a  whale  with  a  3000  cc.  brain  is  not  so  intelli¬ 
gent  as  a  rat  with  a  20  cc.  brain.  And  even  the  ratio  of  brain  weight  to 
total  body  weight  is  not  completely  valid,  for  some  vertebrates,  notably 
certain  monkeys,  have  a  higher  such  ratio  than  man.  Intelligence  can  best 
be  correlated  with  the  ratio  of  brain  weight  to  spinal  cord  weight,  which 
indicates  the  extent  of  the  control  of  the  higher  centers  oyer  the  lower. 
In  frogs  and  fishes  this  ratio  is  less  than  one;  the  brain  weighs  less  than 
the  spinal  cord.  In  lower  mammals  it  is  between  two  and  four;  in  apes, 
fifteen;  and  in  man  the  brain  weighs  fifty-five  times  as  much  as  the 
spinal  cord. 

The  brain  is  the  enlarged,  anterior  end  of  the  spinal  cord.  In  man  the 
enlargement  is  so  great  that  much  of  the  resemblance  to  the  spinal  cord 
is  obscured,  but  in  the  lower  animals  the  relationship  of  brain  to  spinal 
cord  is  clear.  The  detailed  anatomy  of  the  brain  is  exceedingly  complex, 
and  we  shall  consider  only  the  six  main  regions:  medulla,  pons,  cere¬ 
bellum,  midbrain,  thalamus  and  cerebrum  (Fig.  125). 


PARIETAL 


FlR‘  125;™e  bram  aS  Seen  in  a  rnedian  sagittal  section.  (Carlson  and  Johnson:  The 
Machinery  of  the  Body,  3rd  Ed.,  published  by  University  of  Chicago  Press.) 


Ihe  most  posterior  part  of  the  brain,  lying  next  to  the  spinal  cord, 
is  the  medulla.  Here  the  central  canal  of  the  spinal  cord  enlarges  to 
orm  a  large  cavity  called  the  fourth  ventricle  (three  other  ventricles 
he  farther  up  in  the  brain) .  The  roof  of  the  fourth  ventricle  is  thin  and 
contains  a  cluster  of  blood  vessels  which  secrete  part  of  the  cerebro- 
spina  fluid;  the  rest  of  this  fluid  is  secreted  by  similar  clusters  of  blood 
vessels  in  the  other  ventricles.  In  the  roof  of  the  fourth  ventricle  are 
three  tiny  pores  through  which  the  cerebrospinal  fluid  escapes  into  the 

spaces-  The  walls  of  the  are  thick  and  made  up 

Thfm.MrT  tracts .co»necting  with  the  higher  parts  of  the  brain 
medulla  also  contains  a  number  of  clusters  of  nerve  cell  bodies  the 

mer,CerrS'iWhlC  ^  reflGX  Centers  strolling  many  of  the  funda- 
ental  physiological  processes  of  the  body _ respiration  bonri  t 
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Above  the  medulla  is  the  cerebellum,  consisting  of  a  central  part,  and 
two  hemispheres  extending  laterally,  which  resemble  pine  cones  in  shape. 
Its  gray  surface  is  made  up  of  nerve  cell  bodies,  and  beneath  is  a  mass 
of  white  tissue  composed  of  fiber  tracts  connecting  with  the  medulla 
and  with  the  higher  parts  of  the  brain.  The  size  of  the  cerebellum  in 
different  animals  is  roughly  correlated  with  the  amount  of  their  mus¬ 
cular  activity.  Since  it  regulates  and  coordinates  muscle  contraction, 
it  is  proportionately  large  in  extremely  active  animals,  such  as  birds. 
Removal  or  injury  of  the  cerebellum  is  not  accompanied  by  paralysis, 
but  by  impairment  of  muscle  coordination.  When  the  cerebellum  of  a 
bird  is  removed  surgically,  it  is  unable  to  fly  and  the  wings  thrash  about 
jerkily.  When  the  human  cerebellum  is  injured  by  a  blow  or  disease,  all 
muscular  movements  are  uncoordinated,  and  any  activity  requiring 
delicate  coordination,  such  as  threading  a  needle,  is  impossible. 

Running  crosswise  on  the  ventral  side  of  the  brain  just  below  the 
cerebellum  is  a  thick  bundle  of  fibers,  known  as  the  pons  or  bridge, 
which  carries  impulses  from  one  hemisphere  of  the  cerebellum  to  the 
other,  thus  coordinating  muscle  movements  on  the  two  sides  of  the  body. 

In  front  of  the  cerebellum  and  pons  lies  the  midbrain,  which  has 
thick  walls  and  a  small  central  canal  connecting  the  fourth  ventricle  of 
the  medulla  with  the  third  ventricle  in  the  thalamus.  The  thick  walls  of 
the  midbrain  contain  certain  reflex  centers  and  the  main  fiber  tracts 
leading  to  the  thalamus  and  cerebrum.  On  the  upper  side  of  the  mid¬ 
brain  are  four  low,  rounded  protuberances  called  optic  lobes,  in  which 
are  centers  for  certain  visual  and  auditory  reflexes.  The  reflex  constric¬ 
tion  of  the  pupil  when  light  shines  on  the  eye  is  controlled  by  a  center 
in  the  optic  lobes,  as  is  the  pricking  up  of  a  dog’s  ears  in  response  to  a 
sound.  The  midbrain  also  contains  a  cluster  of  nerve  cells  regulating 

muscle  tonus  and  posture. 

In  front  of  the  midbrain  the  central  canal  again  widens  and  becomes 
the  third  ventricle,  the  roof  of  which  contains  another  cluster  of  blood 
vessels  secreting  cerebrospinal  fluid.  The  thick  walls  of  the  thud  ven¬ 
tricle  are  called  the  thalcmus.  This  is  a  relay  center  for  sensory  im¬ 
pulses;  fibers  from  the  spinal  cord  and  lower  parts  of  the  bram 
here  with  other  neurons  going  to  the  various  sensory  areas  of  .the  cer^ 
brum  In  the  floor  of  the  third  ventricle  are  centers  regulating 
temperature  water  balance,  carbohydrate  and  fat  metabolism, 

..<1  1,,.  Curiously.  Iho  iro.i  .'““il' VCS 

„r  .motions;  Urn.  t.y  o,  .n.r'lo''rlsos  [..o'-ul-  ti'r  i'S-l 

c"  -«»•  -<»  -  sir  -  B"‘  “  ~n  “ 

the  stimulation  stops,  the  to  do  with  unlearned. 

The  parts  of  the  brain  cons.dered  so  far  have  stnlcture 

automatic  behavior  which  is  deter n  to  man. 

of  these  parts,  a  structure  which  -  essentially  part  of  the 

The  cerebrum,  the  most  anterior  .  function  that  of  controlling 

human  brain,  has  a  basica  V  *ca|  henomena  of  conscious- 

learned  behavior.  The  complex  p  y  S  interpretation  of  sensations 
ness,  intelligence,  memory,  insight  and  the  inte  p 
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have  their  physiological  basis  in  the  activities  of  the  neurons  ol  the 
cerebrum.  The  importance  of  the  cerebrum  to  different  animals  can  be 
investigated  by  removing  it  surgically.  A  cerebrumless  frog  behaves 
almost  exactly  as  a  normal  one,  and  a  pigeon  whose  cerebral  cortex  has 
been  removed  can  fly  and  balance  on  a  perch,  but  tends  to  remain  quiet 
for  hours.  When  stimulated,  it  moves  about,  though  in  a  random,  pur¬ 
poseless  way,  and  since  it  fails  to  eat  when  given  food,  will  starve  unless 
fed  artificially.  A  dog  whose  cerebral  cortex  has  been  removed  can  walk 
and  will  swallow  food  if  it  is  placed  in  the  mouth,  but  shows  no  signs 
of  fear  or  excitement.  Human  infants  occasionally  are  born  whose  cere¬ 
bral  cortex  fails  to  develop,  and  although  they  can  carry  out  the  vege¬ 
tative  functions  of  breathing  and  swallowing,  they  are  incapable  of 
learning  and  make  no  voluntary  movements.  Such  creatures  usually 
die  soon  after  birth. 

The  cerebrum  contains  slightly  more  than  half  of  the  ten  billion 
neurons  of  the  human  nervous  system.  These  are  arranged  in  two 
cerebral  hemispheres,  which  develop  as  outgrowths  of  the  anterior  end 
of  the  brain.  In  man  and  other  mammals  they  grow  back  over  the  rest 
of  the  brain  and  hide  it  from  view.  Each  hemisphere  contains  a  cavity, 
the  first  and  second  ventricles,  each  of  which  is  connected  to  the  third 
ventricle  of  the  thalamus  by  a  canal.  These  ventricles,  like  the  others, 
contain  clusters  of  blood  vessels  which  secrete  the  cerebrospinal  fluid. 
The  cerebrum  is  made  of  both  gray  and  white  matter;  the  latter,  com¬ 
posed  of  tracts  of  nerve  fibers,  is  on  the  inside  of  the  cerebrum,  while  the 
gray  matter,  made  of  nerve  cell  bodies,  lies  on  the  surface  or  cortex  of 
the  cerebrum.  Deep  in  the  substance  of  the  cerebral  hemispheres  lie 
other  masses  of  gray  matter,  nerve  centers  which  act  as  relay  stations 
to  and  from  the  cortex.  The  lower  vertebrates,  with  little  gray  matter, 
have  smooth  cerebral  cortices,  but  in  man  and  other  mammals  the 
surface  of  the  cerebral  hemispheres  is  convoluted.  Ridges  separated  by 
furrows  increase  the  amount  of  space  available  for  the  cortical  gray 
matter.  The  pattern  of  these  convolutions  is  quite  constant  even  in  men 
of  widely  different  degrees  of  intelligence,  and  the  geography  of  the 
cerebral  cortex  has  been  carefully  studied  (Fig.  126).  The  idea  that 
certain  parts  of  the  brain  have  special  functions  is  an  old  one,  the 
“science”  of  phrenology  having  been  based  on  the  premise  that  func¬ 
tions  were  localized  in  the  brain,  so  that  if  a  person  were  specially  gifted, 
a  particular  area  would  be  enlarged  and  cause  a  bump  on  the  head.  It 
was  believed  that  an  analysis  of  such  bumps  would  indicate  what  a  man 
was  best  fitted  for.  How  a  tissue  as  soft  as  the  brain  could  cause  a  bump 
in  the  hard  skull  was  never  considered. 

Experimental  evidence  has  established  that  there  is  a  considerable 
amount  of  localization  of  function  in  the  cortex.  By  surgical  removal  of 
particular  regions  of  the  cortex  from  experimental  animals  it  has  been 
possible  to  localize  many  functions  exactly;  and  by  observing  the  paralysis 
?;°SS°f  ?*nsal,°!' ln  a  man  with  a  brain  injury  or  tumor,  and  then  exam¬ 
ining  the  brain  after  death  to  see  where  the  injury  was  located  it  has  been 
possible  to  map  the  human  brain.  During  operations  on  the  bram  sur 

sma"  re«mns  and  observed  which  mus- 


des  contracted,  and,  since  brain 


tL  •  rb  surgery  can  be  carried  on  under  loral 

sthesia,  the  patient  could  be  asked  what  sensations  he  felt  when  the 
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particular  regions  were  stimulated.  Curiously,  the  brain  itself  has  no 
nerve  endings  of  pain,  so  that  stimulation  of  the  cortex  is  not  painful. 
Ihe  most  recent  method  of  studying  brain  activity  is  that  of  measuring 
and  recording  the  electrical  potentials  or  “brain  waves”  given  off  by 
various  parts  of  the  brain  when  active  (see  p.  277) . 

By  combining  the  data  obtained  in  several  ways,  investigators  have 
been  able  to  locate  many  functions  of  the  brain  (Fig.  126) .  The  back 
part  contains  the  visual  center;  removal  of  it  causes  blindness,  and 
stimulation  of  it,  even  by  a  blow  on  the  back  of  the  head,  causes  the 
sensation  of  light.  Removal  of  the  region  from  one  side  of  the  brain 
only,  causes  blindness  in  half  of  each  eye,  for  the  nerves  from  each  eye 
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Fig  126  The  right  cerebral  hemisphere  of  the  human  brain,  seen  from  the  side.  The  areas 
concerned  with  special  functions  are  indicated;  the  large,  unshaded  regions  are  the  associa¬ 
tion  areas.  (Carlson  and  Johnson:  The  Machinery  of  the  Body,  3rd  Ed.,  published  by  Uni¬ 
versity  of  Chicago  Press.) 

split  and  half  go  to  each  side  of  the  brain.  The  center  for  hearing  is  located 
on  the  side  of  fhe  brain,  above  the  ear.  Stimulation  of  it  by  a  blow  causes 
a  sensation  of  noise;  although  removal  of  both  auditory  areas  causes  dea 
ness,  removal  of  one  does  not  cause  deafness  in  one  ear,  but  a  deciease  in 

the  auditorv  acuity  of  both  ears.  .  ,  . 

Running  down  the  side  of  the  cerebral  cortex  is  an  easily  recognizable 

deep  furrow,  called  the  fissure  of  Rolando,  which  separates  the  mot 
area,  controlling  the  skeletal  muscles,  from  the  area  just  behind  the  t 
row  which  is  responsible  for  the  sensations  of  heat,  cold,  touch  and  p 
sure  upon  stimulation  of  sense  organs  in  the  skin.  In  both  there  is 

further  specialization  along the furrow  ^^^^s  oTthe  feet; 

t7exetUin  bnf  con  rol  Pt^e  of  the  shank,  thigh,  abdomen,  and  so  on; 
l„d  Te  neurons  farthest  around  to  the  side  control  the  njuscles  of 

fat.  There  is  a 

area  and  the  region  oi  t  hrain  there  is  not  only  a 

in  the  connections  between  the  bo  y  .  c’ontro,s  the  opposite 

twisting  of  the  fibers  so  t  a ^one  which  makes  the  uppermost 

Sof  the  tttntromeU:  extremities  of  the  body. 


277 


The  Nervous  System 


When  all  the  areas  of  known  function  are  plotted,  they  cover  almost 
all  of  the  rat’s  cortex,  a  large  part  of  the  dog’s,  a  moderate  amount  of 
the  monkey’s,  but  only  a  small  part  of  the  total  surface  of  mans  cortex. 
The  rest,  known  as  association  areas,  is  made  up  ol  neurons  that  are  not 
directly  connected  to  sense  organs  or  muscles,  but  which  supply  inter¬ 
connections  between  the  other  areas.  These  regions  are  responsible  tor 
the  higher  intellectual  faculties  of  memory,  reasoning,  learning,  imagina¬ 
tion,  and  for  personality.  In  some  way,  the  association  regions  Integra  e 
all  the  diverse  impulses  constantly  reaching  the  brain  into  a  meaning  u 
unit,  so  that  the  proper  response  is  made.  They  interpret  and  manipulate 
the  symbols  and  words  by  means  of  which  our  thought  processes  arc 
carried  on.  When  disease  or  accident  destroys  the  functioning  of  one  or 
more  association  areas,  the  condition  known  as  aphasia  results,  in  which 
the  ability  to  recognize  certain  kinds  of  symbols  is  lost.  In  one  type  of 
aphasia  the  patient  is  unable  to  understand  written  words,  although 
he  comprehends  spoken  words  perfectly.  In  another  type  of  aphasia  the 
names  of  objects  are  forgotten,  although  their  functions  are  remembered 
and  understood. 


5.  Brain  Waves.  Metabolism  is  invariably  accompanied  by  electrical 
changes,  and  the  electrical  activity  of  the  brain  can  be  recorded  by  a 
device  known  as  the  electroencephalograph.  To  obtain  recordings,  elec¬ 
trodes  are  fastened  to  different  parts  of  the  scalp  by  adhesive  tape,  and 
the  activity  of  the  underlying  parts  of  the  cortex  is  measured.  The  elec¬ 
troencephalograph  has  shown  that  the  brain  is  continuously  active,  even 
when  no  thinking  is  going  on,  and  that  the  most  regular  manifestations, 
called  alpha  waves,  come  from  the  visual  areas  at  the  back  of  the  brain 
when  the  subject  is  resting  quietly  with  his  eyes  shut.  These  waves 
occur  rhythmically  at  the  rate  of  nine  or  ten  per  second  and  have  a 
potential  of  about  45  microvolts  (Fig.  127).  When  the  eyes  are  opened, 
the  waves  disappear  and  are  replaced  by  more  rapid,  irregular  waves. 
That  the  latter  are  produced  by  objects  seen  can  be  demonstrated  by 
presenting  the  eyes  with  some  regular  stimulus,  such  as  a  light  blinking 
at  regular  intervals,  and  observing  that  brain  waves  of  a  similar  rhythm 
appear.  Sleep  is  the  only  normal  condition  in  which  the  brain  waves  are 


drastically  altered.  During  sleep  the  waves  become  slower  and  larger 
(have  a  greater  potential)  as  the  subject  falls  into  deeper  and  deeper 
unconsciousness.  The  dreams  of  a  sleeping  subject  are  mirrored  in  flur¬ 
ries  of  irregular  waves. 

Certain  brain  diseases  alter  the  character  of  the  waves;  epileptics,  for 
example,  exhibit  a  peculiar  and  readily  recognizable  wave  pattern,  and 
even  people  who  have  never  had  an  epileptic  attack,  but  might  in  certain 
conditions,  show  similar  abnormalities.  The  location  of  brain  tumors 

can  be  detected  by  noting  the  part  of  the  brain  showing  abnormal 
waves. 


6.  Sleep.  The  neural  mechanisms  involved  in  sleep  are  unknown,  and 
investigators  are  still  trying  to  discover  why  sleep  is  necessary  and  whv 
i  has  a  recuperative  effect.  But  whatever  the  reasons,  it  is  absolutely 
certain  that  sleep  is  essential  to  life;  any  animal  deprived  of  it  for  sev- 
eral  c  ays  w.ll  die.  Fatigue  is  popularly  considered  the  cause  of  sleep. 
ere  1S  no  experimental  evidence  to  verify  this  belief.  The  latest 
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findings  indicate  that  a  more  important  sleep-inducing  factor  is  the 
absence  of  stimuli,  and  indeed  everyday  experience  teaches  that  it  is 
easy  to  go  to  sleep,  even  when  one  is  not  particularly  tired,  if  there  is 
nothing  interesting  to  occupy  the  mind.  But  although  we  tend  to  be 
wakeful  in  the  presence  of  attention-holding  stimuli,  there  is  a  limit 
beyond  which  sleep  is  inevitable.  Mental  fatigue  is  not  comparable  to 
physical  fatigue,  however,  and  the  factors  determining  the  threshold  of 
sleep  are  still  not  understood.  For  all  the  higher  animals,  life  is  charac¬ 
terized  by  a  basic  rhythm  of  sleep  alternating  with  wakefulness,  a  pat¬ 
tern  regulated  in  some  way  by  the  hypothalamus.  The  human  habit  of 
sleeping  for  eight  hours  of  the  twenty-four  is  definitely  learned,  since 
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Pig  127  Electroencephalograms  made  while  the  subject  was  excited,  relaxed,  and  in  \ari 
„us  stages  of  sleep.  Recordings  made  during  excitement  show  brain  waves  whicharerapid 
and  of  small  amplitude,  whereas  in  sleep  the  waves  are  much  slower  and  of  gr» to  ample 
tude  The  regular  waves  characteristic  of  the  relaxed  state  are  called  alp  la 
Jasper;  in  Epilepsy  and  Cerebral  Localization,  by  Penfield  and  Erickson.) 

the  basic,  natural  rhythm  is  one  in  which  sleep  anti  wakefulness  alter¬ 
nate  every  three  or  four  hours,  as  exemplified  by  the  behavior  of  infants. 

People  differ  as  to  the  time  of  day  when  their  ability  to  perform  a 
of  skill  is  at  a  maximum.  For  some  it  seems  to  be  a  period  soon  aft 
waking  in  the  morning;  for  others,  a  period  early  in  e  a  ' 

believed  that  mental  acuteness  and  manual  dexterity  reach  a  pea 
the  temperature  of  the  body  is  highest.  .  i  ave 
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pressure  of  this  fluid  inside  the  brain  will  gradually  destroy  the  tissue 
there.  Or  a  blood  vessel  in  the  meninges  covering  the  brain  may  ruptu 
and  the  pressure  of  the  accumulated  blood  destroy  parts  oi  the  bra  . 
Tumors  and  infectious  diseases,  such  as  syphilis,  can  damage  the  tissue, 
the  actual  symptoms— paralysis,  loss  of  sensation  or  other  functions 

depend  on  the  part  of  the  brain  affected.  . 

The  cause  of  other  types  of  disorder,  the  so-called  functional  disorders 
—neuroses  and  psychoses — is  more  baffling,  for  they  occur  without  any 
structural  or  chemical  change  in  the  brain  which  pathologists  have  so 
far  been  able  to  detect.  Typically,  these  involve  emotional  disturbances 
rather  than  changes  in  intelligence. 

Neuroses  are  comparatively  mild  and  common  disorders  with  a  great 
variety  of  symptoms:  anxiety,  fear,  shyness  and  oversensitiveness.  The 
emotional  upsets  may  actually  produce  organic  disorders,  such  as  ir¬ 
regular  heart  beat  or  digestive  disturbances.  The  cause  of  this  type  of 
mental  disorder  is  not  positively  known,  and  there  is  evidence  foi 
believing  that  it  differs  from  person  to  person,  and  is  complex  in  every 
instance.  One  theory  states  that  neuroses  are  due  to  deep-seated  con¬ 
flicts,  and  in  some  cases  this  would  seem  to  be  a  reasonable  explanation. 
Usually,  however,  heredity,  present  environment,  past  experience  and 
general  health  all  play  a  part  in  causing  the  condition.  In  any  event, 
the  patient  is  often  completely  unaware  of  the  cause  or  causes  of  his 
unhappiness.  There  is  no  single  cure  for  the  various  neuroses;  many  of 
them  respond  to  the  method  of  psychoanalysis,  by  means  of  which  the 
reason  for  the  sense  of  guilt,  conflict  or  fear  is  brought  to  the  patient’s 
attention.  Other  neuroses  disappear  gradually  for  no  apparent  reason, 
others  become  increasingly  worse,  and  a  few  develop  into  the  more  seri¬ 
ous  psychoses. 

Psychoses  are  the  severe  mental  diseases  which  usually  require  hos¬ 
pitalization.  There  are  three  main  types  of  psychoses,  each  of  which 
represents  an  exaggeration  of  normal  tendencies.  The  manic-depressive 
psychosis  is  characterized  by  an  alternation  of  excessive  elation  and 
depression,  sometimes  accompanied  by  delusions  and  hallucinations. 
Most  manic-depressives  are  normal  for  most  of  their  lives,  but  suffer 
recurrent  episodes  of  insanity.  Paranoia  is  a  psychosis  characterized  by 
delusions,  typically  of  grandeur  or  persecution.  Dementia  praecox  or 
schizophrenia  is  marked  by  a  withdrawal  from  the  everyday  world  into 
a  world  of  daydreams  which  becomes  the  world  of  reality. 

Psychoses  are  much  more  difficult  to  cure  than  neuroses,  and  most 
of  them  are  not  permanently  curable.  One  of  the  most  drastic  therap¬ 
eutic  methods  is  the  shock  treatment,  based  on  the  theory  that  psy- 
chotics  actually  can  be  jolted  back  into  sanity.  With  this  idea  in  mind 
many  psychiatrists  inject  large  amounts  of  insulin  or  metrazol  into  the 
patient,  or  apply  electric  currents,  all  of  which  have  a  violent  fit-pro¬ 
ducing  effect  on  the  nervous  system.  The  drawbacks  to  such  treatments 
a,rC  ™any’  ,and  neural  mechanism  underlying  the  results  are  not 
clearly  understood,  but  a  number  of  cases  have  been  cured  by  some 
variation  of  the  shock  treatment. 

8.  The  Peripheral  Nervous  System.  Emerging  from  the  brain  and 
spinal  cord  and  connecting  them  with  every  receptor  and  effector  in  the 
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body  are  the  paired  cranial  and  spinal  nerves;  these  make  up  the  periph¬ 
eral  nervous  system.  Cranial  and  spinal  nerves  are  made  of  bundles  of 
nerve  fibers,  the  axons  and  dendrites.  The  only  nerve  cell  bodies  present 
in  the  peripheral  nervous  system  are  those  of  the  sensory  neurons, 
aggregated  into  clusters  known  as  ganglia,  near  the  brain  or  spinal  cord, 
and  of  certain  motor  neurons  of  the  autonomic  system  which  will  be 
discussed  later. 

Cranial  Nerves.  Twelve  pairs  of  nerves  originate  in  different  parts  of 
the  brain  and  innervate  primarily  the  sense  organs,  muscles  and 

Table  8.  The  Cranial  Nerres  of  Man 


I. . 

II. 
HI 


IV. 

V.  . 

VI. 
VII 


Number 


Name 


Origin  of  Sensory  Fibers 


Effector  Innervated  by 
Motor  Fibers 


Olfactory 

Optic 

Oculomotor 

Trochlear 

Trigeminal 

Abducens 

Facial 


Olfactory  mucosa  of  nose 
f  smell) 

Retina  of  eye  (vision) 
Proprioceptors  of  eyeball 
muscles  (muscle  sense) 


Proprioceptors  of  eyeball 
muscles  (muscle  sense) 
Teeth  and  skin  of  face 

Proprioceptors  of  eyeball 
muscles  (muscle  sense) 
Taste  buds  of  anterior 
part  of  tongue 


None 

None 

Muscles  which  move  eye¬ 
ball  (with  IV  and  VI); 
muscles  which  change 
shape  of  lens;  muscles 
which  constrict  pupil 

Other  muscles  which  move 
eyeball 

Some  of  muscles  used  in 
chewing 

Other  muscles  which  move 
eyeball 

Muscles  of  the  face;  sub¬ 
maxillary  and  sublingual 
glands 


VIII 


Auditory 


Cochlea  (hearing)  and 
semicircular  canals 


None 


IX 


X. 


XI. 

XII 


Glossopharyn 

geal 

Vagus 


Spinal  accessory 
Hypoglossal 


(senses  of  movement, 
balance  and  rotation) 

Taste  buds  of  posterior 
third  of  tongue,  lining  of 
pharynx 

Nerve  endings  in  many  of 
the  internal  organs — 
lungs,  stomach,  aorta, 
larynx 

Muscles  of  shoulder  (mus¬ 
cle  sense) 

Muscles  of  tongue  (muscle 
sense) 


Parotid  gland;  muscles  of 
pharynx  used  in  swallow¬ 
ing 

Parasympathetic  fibers  to 
heart,  stomach,  small  in¬ 
testine,  larynx,  esophagus 

Muscles  of  shoulder 

Muscles  of  tongue 


i  i  e  boor!  The  same  twelve  pairs,  innervating  similar  struc- 
gland*  of  nh* Zhe  vertebrateUreptiles,  birds  and  mam- 

“2  s 

are  composed  of  oeoioos,^Hj.ou^  ^  ^  composed  almost  completely 
neurons  (nerves  ,  XI  d  XII)  an(j  the  others  are  made 

fOTms  »art  of  the  autonom,c 


The  Nervous  System 


281 


system  and  innervates  the  internal  organs  of  the  chest  and  the  upper 

&hslZd  Nerves.  All  the  spinal  nerves  are  mixed  nerves,  having  motor 
and  sensory  components  in  roughly  equal  amounts.  In  man  they  orig¬ 
inate  from  the  spinal  cord  in  thirty-one  symmetrical  pairs  each  of  which 
innervates  the  receptors  and  effectors  of  one  region  of  the  body.  Each 
nerve  emerges  from  the  spinal  cord  as  two  strands  or  roots  which  unite 
shortly  to  form  the  spinal  nerve.  All  the  sensory  nerves  enter  the  cord 
through  the  dorsal  root  and  all  motor  fibers  leave  the  cord  through  the 
ventral  root  (Fig.  128) .  If  the  dorsal  root  is  severed,  the  part  of  the 
body  innervated  by  that  nerve  suffers  complete  loss  of  sensation  with¬ 
out  any  paralysis  of  the  muscles.  If  the  ventral  root  is  cut,  there  is 
complete  paralysis  of  the  muscles  innervated  by  that  nerve,  but  the 


Nerve  from  Sensory 
\  Cells  of  Skm 


Dorsal  Root 
,  Gonglion 


Branch 
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Fig.  128.  Diagram  of  the  primary  types  of  sensory  and  motor  neurons  of  the  spinal  nerves, 
and  their  connections  with  the  spinal  cord.  For  convenience,  the  sensory  neurons  are  shown 
on  the  left  and  the  motor  neurons  on  the  right,  though  both  kinds  are  found  on  each  side  of 
the  body. 


senses  of  touch,  pressure,  temperature,  kinaesthesis  and  pain  are  unim¬ 
paired.  The  size  of  each  spinal  nerve  is  related  to  the  size  of  the  body 
area  it  innervates;  the  largest  in  man  is  one  of  the  pairs  supplying  the 
legs.  Each  spinal  nerve,  shortly  beyond  the  point  of  junction  of  the 
dorsal  and  ventral  root,  divides  into  three  branches:  the  dorsal  branch, 
serving  the  skin  and  muscles  of  the  back;  the  ventral  branch,  serving 
the  skin  and  muscles  of  the  sides  and  belly;  and  the  autonomic  branch 
serving  the  viscera  (Fig.  128). 

9.  Reflexes  and  Reflex  Arcs.  A  reflex  is  an  inborn,  automatic  response 
to  a  given  stimulus  depending  only  on  the  anatomical  relationships  of 
the  neurons  involved.  The  neurons  which  conduct  the  impulse  form  a 
reflex  arc,  the  simplest  of  which  is  made  of  one  sensorv,  one  connector 
and  one  motor  neuron  (Fig.  129).  Reflexes  are  the  functional  units  of 
w  ?erV0U!!  system>  and  most  of  our  activities  are  the  result  of  them 

rate  hi  6  1^^  “'i  .important  reflexes  are  in  controlling  heart 
rate  blood  pressure,  breathing,  salivation,  movements  of  the  digestive 

act  and  so  forth.  When  we  step  on  something  sharp  or  come  in  con- 
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tact  with  something  hot,  we  do  not  wait  until  the  pain  is  experienced 
by  the  brain  and  then,  after  deliberation,  decide  what  to  do;  our  re¬ 
sponses  are  immediate  and  reflex.  We  have  begun  to  withdraw  the  foot 
or  hand  by  reflex  action  before  the  pain  is  experienced  by  the  brain. 
Many  of  the  more  complicated  activities  of  our  daily  lives,  such  as  walk¬ 
ing,  are  regulated  to  a  large  extent  by  reflexes.  Those  present  at  birth, 
and  common  to  all  men,  are  called  inherited  reflexes;  others,  acquired 
later  as  the  result  of  experience,  are  called  conditioned  reflexes. 

Reflexes  are  classified  according  to  the  number  of  nerve  pathways 
involved.  A  simple  reflex,  in  which  stimulation  of  a  sensory  nerve  pro¬ 
duces  contraction  of  a  single  muscle,  is  typified  by  the  “knee  jerk.” 
When  the  tendon  of  the  knee  cap  is  tapped,  and  thereby  stretched, 
receptors  in  the  tendon  are  stimulated,  an  impulse  travels  over  the  reflex 
arc  up  to  the  spinal  cord  and  down  again,  and  the  muscle  attached  to 
the  tendon  contracts,  resulting  in  a  sudden  straightening  of  the  leg 
An  important,  though  fairly  simple,  reflex  is  the  flexion  or  withdrawal 
reflex.  When  an  arm  or  leg  is  stimulated  by  anything  injurious,  the 
flexor  muscles  are  stimulated  and  the  injured  member  is  pulled  away 
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Fig.  129.  Diagram  of  a  reflex  are,  showing  the  pathway  of  an  impulse,  indicated  by  arrows. 
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before  further  damage  occurs.  Many  reflexes  are  more  complicated  than 
these  examples,  but  even  the  most  complicated  of  the  inherited  ones 
do  not  require  the  operation  of  the  higher  thought  processes.  An  experi¬ 
ment  demonstrating  this  consists  in  removing  the  brain  of  a  frog,  while 
leaving  the  spinal  cord  intact,  and  then  applying  a  piece  of  acid-soaked 
paper  to  the  animal’s  back.  No  matter  how  many  times  the  piece  of 
paper  is  placed  on  the  skin,  one  leg  will  invariably  come  up  and  flick  i 
away  This  response,  involving  many  muscles  working  in  a  coordinated 
fashion,  is  purely  reflex,  and  clearly  demonstrates  one  of  the i  char¬ 
acteristics  of  a  reflex:  fidelity  of  repetition.  A  frog  with  a  brain  ling 
make  the  response  two  or  three  times,  but  eventually  it  would  do  some¬ 
thing  else— perhaps  hop  away.  Most  reflexes  have  some  survival  value 
to  the  animal;  the  anatomical  configuration  responsible  for  the 

W^The'belK^ior^0aUniewbornachfld^std1eternfined  llrgely  by  its  inborn. 
inh^dtflTx^nAs  he  grows  older,  the 

old  response  is  known  “  V®"  investigate.  The  classical  investigations 

j. . *- — — - 
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with  salivation  have  made  a  beginning  toward  an  explanation  of  the 
mechanisms  involved,  and  have  shown  how  much  learned  behavio 

built  upon  inborn  behavior.  .  .  , 

Normally,  saliva  is  secreted  reflexly  only  when  food  is  in  the  mouth, 

but  if  another  stimulus,  such  as  the  ringing  of  a  bell  occurs  every  time 
food  is  eaten,  a  conditioned  reflex  is  established  and  saliva  flows  when 
the  bell  is  rung,  whether  or  not  food  is  present.  1  he  ability  to  lorm 
conditioned  reflexes  is  related  to  the  development  of  the  cerebral  cortex 
and  is  greater  in  mammals  and  birds  than  in  lower  vertebrates,  an 
almost  lacking  in  invertebrates.  If  the  cortex  is  removed,  the  animal  loses 
all  his  previously  acquired  conditioned  reflexes  and  the  ability  to  foim 
new  ones.  It  is  believed  that  the  formation  of  conditioned  reflexes  occurs 
in  the  association  areas  of  the  cortex.  Here,  impulses  from  receptors  all 
over  the  body  converge  and  are  shunted  onto  motor  neurons.  1  he  pas¬ 
sage  of  one  impulse  across  a  synapse  tends  to  lower  the  synaptic  re¬ 
sistance,  so  that  the  impulse  from  the  new  stimulus  follows  the  path 
of  the  impulse  in  the  previously  established  reflex;  then,  by  lacilitation 
through  repetition,  the  new  pathway  becomes  established.  One  condi¬ 
tioned  reflex  may  serve  as  the  basis  for  another,  until  ultimately  a  com¬ 
plex,  many-layered  series  of  conditioned  reflexes  is  acquired. 

10.  Habit,  Memory  and  Learning.  Both  habit  and  learning  depend  to 
a  large  extent  on  the  setting  up  of  conditioned  reflexes,  and  these,  to¬ 
gether  with  memory,  depend  upon  the  fact  that  a  series  of  impulses 
passing  across  the  synapses  of  a  given  chain  of  neurons  results  in  a 
lasting  increase  in  the  chain’s  ability  to  conduct  subsequent  impulses. 
This  phenomenon,  known  as  facilitation,  increases  as  the  synapses  con¬ 
tinue  to  be  used,  until  a  maximum  is  reached.  The  amount  of  repetition 
necessary  to  reach  the  maximum — really  the  ability  of  the  animal  to 
“learn” — varies  in  different  species  and  in  different  members  of  the  same 
species.  Facilitation  is  gradually  lost  if  the  particular  synaptic  pathway 
is  not  used  for  a  long  time;  this  is  the  basis  for  forgetting  and  loss 
of  habit. 

Learning  is  a  complex  and  poorly  understood  process  that  depends  on 
other  cerebral  activities  than  the  formation  of  conditioned  reflexes. 
Certain  experiments,  such  as  those  in  which  animals  learn  to  run  a  maze 
or  labyrinth  to  get  food  or  to  avoid  electric  shocks,  have  emphasized  the 
role  of  “trial  and  error”  in  learning.  The  higher  mammals,  apes  and 
men,  show,  in  addition,  the  phenomenon  of  “insight”  or  getting  the  idea. 
After  a  few  random  trials,  the  subject  of  the  experiment  sees  the  point  of 
the  problem,  and  thereafter  performs  with  invariable  success. 

The  experiments  demonstrating  that  particular  functions  are  localized 
in  particular  regions  of  the  cortex  suggest  that  at  least  a  few  kinds  of 
learning  aie  localized.  But  the  work  of  Dr.  Lashley  on  learning  in  rats 
has  indicated  that  this  is  not  so.  Learning,  it  seems,  is  a  function  of  the 
cortex  as  a  whole.  By  removing  parts  of  the  brain  and  then  testing 
the  ability  of  the  rat  to  learn,  he  found  that  the  important  thing  was 
not  which  particular  areas  were  left,  but  the  total  amount  of  the  cortex 
remaining  The  ability  to  learn  appeared  to  be  proportional  to  the 

t uCOuteX  \Cft  -in  the  brain’  reSardless  of  where  the  cortex  was 
located.  Whether  this  is  true  of  the  human  brain  is  not  known. 
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11.  Moods  and  Emotions.  Such  phenomena  as  moods,  emotions  and 
personality  as  a  whole  also  depend  on  the  activity  of  the  cerebral  cortex, 
but  the  neural  mechanisms  underlying  them  are  not  understood.  These, 
as  well  as  other  activities  of  the  higher  centers  of  the  brain,  are  influ¬ 
enced  greatly  by  the  conditions  of  the  body;  the  state  of  mind  can  be 
markedly  affected  by  the  state  of  the  stomach.  The  secretions  of  several 
endocrine  glands  also  affect  the  functioning  of  the  brain;  for  example, 
many  women  have  periods  of  mental  depression  just  before  and  during 
menstruation,  and  it  is  quite  common  for  the  menopause  (the  period 
from  forty  to  fifty  years  of  age  when  the  recurring  menstrual  cycle 
ceases)  to  be  accompanied  by  profound  emotional  and  mental  disturb¬ 
ances. 

In  spite  of  the  fact  that  much  is  still  unknown  concerning  the  whole 
range  of  higher  mental  faculties,  including  intelligence,  personality, 
character  and  will,  studies  in  physiology,  neurology  and  endocrinology 
have  uncovered  evidence  of  great  value  for  the  problems  of  everyday 
life.  One  conclusion  seems  obvious:  if  happiness  is  a  state  of  mind,  it  is 
one  over  which  we  have  little  control.  This  thing  is  true  also  of  other 
attributes  of  mind:  honesty,  aggressiveness,  perseverance,  generosity, 
and  so  forth.  The  insane  and  feeble-minded  are  not  the  only  ones  who 
are  “not  responsible”;  we  all  are  only  as  “good”  as  our  glands,  nerves 
and  brain  cells  allow  us  to  be. 


II.  THE  AUTONOMIC  NERVOUS  SYSTEM 


The  internal  organs— heart,  lungs,  digestive  tract,  glands,  and  so  on- 
are  innervated  by  a  special  set  of  peripheral  nerves,  collectively  called 
the  autonomic  nervous  system.  This  system  in  turn  is  composed  of  two 
parts:  the  sympathetic  and  the  parasympathetic  nerves. 

The  autonomic  system  as  a  whole  contains  both  sensory  and  motor 
nerves  but  is  distinguished  from  the  rest  of  the  nervous  system  by 
several  features.  There  is  no  willful  control  by  the  cerebrum  over  these 
nerves;  we  cannot  voluntarily  speed  up  or  slow  down  the  heart  beat  or 
the  action  of  the  muscles  of  the  stomach  or  intestines.  Secondly  there 
is  less  direct  connection  between  the  sensory  fibers  and  the  cerebrum, 
so  that  the  normal  stimulation  of  these  fibers  does  not  result  in  sensa¬ 
tions  Another  important  characteristic  of  the  autonomic  system  is  tha 
each  internal  organ  receives  a  double  set  of  fibers,  one  set  coming  via 


Table  9.  Actions  of  the  Autonomic  System 


Organ  Innervated 
Heart  . 

Arteries  . 

Digestive  tract . 

Urinary  bladder  . . 

Muscles  in  bronchi . 

Muscles  of  iris . 

Muscles  attached  to  hair  .  . 
Sweat  glands . 


Action  of 

Sympathetic  System 
Strengthens  and  accelerates 
heart  beat 

Constricts  arteries  and  raises 
blood  pressure 

Slows  peristalsis,  decreases  ac¬ 
tivity 

Relaxes  bladder 
Dilates  passages,  makes  for 
easier  breathing 
Dilates  pupil 
Causes  erection  of  hair 
Increases  secretion 


Action  of 

Parasympathetic  System 
Weakens  and  slows  heart  beat 

Dilates  arteries  and  lowers 
blood  pressure 

Speeds  peristalsis,  increases  ac¬ 
tivity 

Constricts  bladder 
Constricts  passages 

Constricts  pupil 
Causes  hair  to  lie  flat 
Decreases  secretion 
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F*u'  1,8?;  ^'agram  of  the  autonomic  nervous  system.  The  parasympathetic  system  is  shown 
on  e  left,  the  sympathetic  system  on  the  right.  Roman  numerals  refer  to  the  numbers  of 
the  cranial  nerves,  (lurner,  C.  D.:  General  Endocrinology.) 


The  Organization  of  the  Body 

the  sympathetic  nerves  and  one  set  via  the  parasympathetic  nerves.  Im¬ 
pulses  from  the  sympathetic  and  parasympathetic  nerves  always  have 
antagonistic  effects  on  the  organ  innervated.  Thus,  if  one  speeds  up  an 
activity,  the  other  decreases  it.  These  effects  are  summarized  in  Table  9. 

Still  another  peculiarity  of  the  autonomic  system  is  that  the  motor 
impulses  reach  the  effector  organ  from  the  brain  or  spinal  cord,  not  by 
a  single  neuron,  as  do  those  to  all  other  parts  of  the  body,  but  by  a 
relay  of  two  or  more  neurons.  The  cell  body  of  the  first  neuron  in  the 
set,  or  chain,  is  located  in  the  brain  or  spinal  cord;  that  of  the  second 
neuron  is  located  in  a  ganglion  somewhere  outside  the  central  nervous 
system.  The  ganglia  of  the  sympathetic  nerves  are  close  to  the  spinal  cord; 
those  of  the  parasympathetic  nerves  are  close  to,  or  actually  within,  the 
walls  of  the  organs  they  innervate. 

12.  The  Sympathetic  System.  The  sympathetic  system  consists  of 
nerve  fibers  whose  cell  bodies  are  located  in  the  lateral  portions  of  the 
gray  matter  of  the  spinal  cord.  Their  axons  pass  out  through  the  ven¬ 
tral  roots  of  the  spinal  nerves,  in  company  with  the  motor  neurons  to 
the  skeletal  muscles,  and  then  separate  from  these  and  become  the 
autonomic  branch  of  the  spinal  nerve  going  to  the  sympathetic  ganglion. 
These  ganglia  are  paired,  and  there  is  a  chain  of  eighteen  of  them  on 
each  side  of  the  spinal  cord  from  the  neck  to  the  abdomen  (Fig.  130) . 
In  each  ganglion  the  axon  of  the  first  neuron  synapses  with  the  dendrite 
of  the  second  neuron.  The  cell  body  of  this  second  neuron  is  located 
within  the  ganglion,  and  its  axon  passes  to  the  organ  innervated.  In 
addition  to  the  fibers  going  from  each  spinal  nerve  to  each  ganglion, 
there  are  fibers  passing  from  one  ganglion  to  the  next.  The  axons  of  some  of 
the  second  neurons  pass  from  the  sympathetic  ganglion  back  to  the  spinal 
nerve  and  through  it  to  innervate  sweat  glands,  the  muscles  that  make  the 
hair  stand  erect,  and  the  muscles  in  the  walls  of  blood  vessels.  The  axons 
of  other  second  neurons  pass  from  the  sympathetic  ganglia  of  the  neck  up 
to  the  salivary  glands  and  the  iris  of  the  eye.  The  sensory  neurons  (fibers) 
of  the  sympathetic  system  are  located  within  the  same  nerve  trunks  as 
the  motor  neurons,  but  enter  the  spinal  cord  by  wav  of  the  dorsal  root, 
together  with  other  sensory  nerves  of  the  nonantonomic  system. 

13.  The  Parasympathetic  System.  The  parasympathetic  system  con¬ 

sists  of  fibers  originating  in  the  brain  and  emerging  via  the  third  sev- 
enth,  ninth  and  especially  the  tenth  or  vagus  nerves,  and  of  fibers 
originating  in  the  pelvic  region  of  the  spinal  cord  and  emerging  i\  w  , 
of  the  spinal  nerves  in  that  region  (Fig.  130) .  The  vagus  nerve  arises 
from  the  medulla  and  passes  down  the  neck  to  the  chest  and 
innervating  the  heart,  respiratory  system  and  digestive  tract  as  f.  r  . 
the  small  intestine.  The  large  intestine  and  the  urinary  and  -eproducUve 
systems  are  innervated  by  parasympathetic  nerves  ,  •,] 

are  located  in  or  near  the  organs  innervated,  so  that  the  axons 
second  neurons  are  all  relatively  short. 


,  287 

The  Nervous  System 

III.  THE  NERVOUS  SYSTEMS  OF  LOWER  ANIMALS 

The  unicellular  animals,  such  as  the  ameba  and  paramecium,  have  no 
neurons,  since  their  entire  body  consists  of  but  one  cell.  The  ameba  does 
very  well  without  any  structure  for  integration,  but  the  paramecium, 
whose  body  is  covered  with  thousands  of  tiny  cilia,  needs  some  mechan¬ 
ism  to  coordinate  the  beating  of  these  cilia  so  that  it  can  move.  This  is 
accomplished  by  a  system  of  tiny  fibers,  called  neuromotor  fibers,  which 
stretch  from  the  anterior  end  of  the  animal  to  all  the  cilia.  By  a  surgica 
operation  performed  under  the  microscope  these  fibers  have  been  sev- 
ered,  and  thereafter  the  cilia  no  longer  beat  in  a  coordinated  fashion, 
but  at  random. 

The  lowest  multicellular  animals,  the  sponges,  have  no  nervous  sys¬ 
tem,  either;  specialized  nerve  cells  are  first  found  in  the  hydra  and  other 
coelenterates.  The  nerve  cells  of  these  animals  are  not  separated  from 
each  other  by  synapses,  and  associated  to  form  a  true  system,  but  are 
arranged  either  as  separate  branched  cells  or  as  a  nerve  net,  composed 
of  many  cells  whose  branched  processes  connect,  so  that  an  impulse 
starting  in  one  part  of  the  body  can  spread  in  all  directions  to  every 
part.  There  is  no  differentiation  of  the  neurons  of  a  hydra  into  sensory, 
connector  and  motor  types,  but  some  of  the  branches  of  the  nerve  net 
go  to  receptor  cells,  while  others  go  to  contractile  cells.  The  amount  of 
response  in  a  hydra  depends  on  the  strength  of  the  stimulus:  a  faint 
needle  prick  to  a  tentacle  may  cause  that  single  tentacle  to  roll  up,  but 
a  stronger  prick  will  cause  all  the  tentacles  and  the  trunk  to  contract 
as  the  animal  draws  itself  into  a  ball. 

Most  of  the  invertebrates  have  a  highly  centralized  nervous  system. 
This  is  especially  true  of  the  arthropods  (the  insects,  spiders,  crabs  and 
lobsters),  the  molluscs  (squids  and  snails),  and  the  annelids,  or  earth¬ 
worms.  The  earthworm  has  a  true  nervous  system  with  axons  and 
dendrites  arranged  in  definite  nerve  cords  and  fibers.  There  is  a  differ¬ 
entiation  into  central  and  peripheral  systems  with  separate  sensory, 
connector  and  motor  neurons  joined  by  synapses  so  that  nerve  impulses 
can  travel  in  one  direction  only.  This  permits  the  central  nervous  system 
to  act  as  an  integrator,  selecting  certain  incoming  sensory  impulses  and 
passing  them  on  to  effectors,  while  inhibiting  or  suppressing  others.  The 
earthworm  has  a  central  nerve  cord  which  runs  the  entire  length  of 
the  body,  enabling  its  separate  segments  to  move  in  a  coordinated 
as  ion  The  most  anterior  part  of  the  cord  is  an  enlargement  sometimes 
referred  to  as  the  “brain,”  which  sends  impulses  down  the  cord  to  co¬ 
ordinate  movements.  After  removal  of  this  “brain,”  the  animal  can 
move  almost  as  well  as  before,  but  it  persists  in  futile  efforts  to  go  ahead. 

1 1  •  ■  to  some  obstacle.  The  “brain,” 

,s  "pessary  for  adaptive  movements.  The  nervous  systems 

m  Tn  lll  eT  mVertebratef  are  ***»>«  similar  to  that  of  the  earth- 

iTsoTid  '  nerve  cord  ,s  ventral  to  the  d|sestive  ^tem 

AVV'  vertebrates  the  nerve  cor,l  is  dorsal  to  the  digestive  system 
and  is  hollow,  with  a  central  Mvltv  rpi  ”  system 

vertebrates  are  fundamentally  alike;  diffcrence^are  primarily  thoL* of 
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development  of  the  various  brain  regions,  and  in  the  size  of  the  brain 
relative  to  the  spinal  cord. 


IV.  THE  TRANSMISSION  OF  IMPULSES  IN  PLANTS 

All  living  cells,  whether  animal  or  plant,  exhibit  irritability  to  some 
extent  and  can  transmit  an  excitation,  even  though  only  slowly.  A 
fertilized  egg  propagates  the  excitation  produced  by  the  penetration  of 
the  sperm  at  a  rate  of  about  1  cm.  per  hour,  and  the  unspecialized  cells 
of  sponges  transmit  excitations  at  the  rate  of  about  I  cm.  per  minute. 
The  protoplasm  of  plant  cells  also  can  transmit  excitations,  although 
usually  the  rate  of  propagation  is  so  slow  that  the  results  are  not  easily 
observed.  In  a  few  plants,  however,  responses  to  stimuli  do  occur 


hvTs 77  The  sensitive  plant,  Mimosa  pudica,  before  being  disturbed  «  ine  plain,  nve 
.^d'ier’beingto^e^.^ote’how  the  leaves  have  folded  and  drooped.  (Courtesy  of  the 

eneral  Biological  Supply  House,  Chicago.) 


or  three  seconds.  Touching  one  leaf  sharply  causes  not  a 

lated  leaf,  but  also  the  neighboring  leaves’  t«  f^ld  a^  xhePwilting  is 
^  minutes  the  of ‘the 

due  to  a  change  in  the  turgo  P  tubes  of  the  leaves 

leaf,  but  the  excitation  ts  transmitted  along  the  «  inches  per 

and  stems.  The  rate  of  transmission  m  j  |n  the  nerves  of  the 

^ro/tt^pitue  is  uy  - 
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same.  The  excitation  is  accompanied  by  electrical  phenomena,  increased 
permeability  of  the  excited  cells  and  a  temporary  change  in  their  metab¬ 
olism.  The  response  can  be  altered  by  various  drugs. 

Plant  cells,  then,  as  well  as  animal  cells,  are  irritable  and  can  transmit 
impulses;  the  nerve  cells  of  animals  differ  primarily  in  being  specialized 
for  their  function,  which  enables  them  to  conduct  impulses  more  rapidly. 

QUESTIONS 

1.  What  are  the  primary  functions  of  the  nervous  system? 

2.  Differentiate  between  neurons  and  nerves. 

3.  How  many  kinds  of  neurons  are  there,  and  what  functions  does  each  type  perform? 

4.  What  is  the  evidence  for  the  theory  that  the  neurilemma  sheath  plays  some  part  in 
nerve  regeneration? 

5.  Discuss  the  nature  of  the  nervous  impulse. 

6.  Is  the  nervous  impulse  stimulated  in  the  eye  by  a  beam  of  light  the  same  as  that  stim¬ 
ulated  in  the  skin  by  a  hot  poker? 

7.  What  are  nerve  centers,  and  where  are  they  located? 

8.  Make  a  diagram  of  the  brain,  labeling  the  principal  parts,  and  state  which  functions 
each  part  is  responsible  for. 

9.  What  is  a  reflex  arc? 

10.  Give  an  example  of  a  conditioned  reflex  from  your  own  experience. 

11.  Explain  the  term  “facilitation.” 

12.  What  is  the  autonomic  nervous  system?  To  which  of  the  larger  divisions  of  the  entire 
system  does  it  belong? 

13.  What  light  do  the  facts  about  the  nervous  system  throw  on  the  old  problem  of  “free 
will?” 

14.  Compare  the  nervous  tissue  of  a  hydra  and  an  earthworm. 

15.  Considering  the  “All-or-None”  Law,  how  do  you  explain  the  fact  that  a  faint  needle 
prick  will  elicit  a  small  response  in  a  hydra,  while  a  strong  prick  will  cause  it  to  roll  into  a 
ball? 


SUPPLEMENTARY  READINGS 


Best,  C.  H.,  and  Taylor,  N.  B.:  The  Living  Body.  New  York,  Henry  Holt  &  Company,  Inc., 
1944. 

A  clear,  understandable  presentation  of  human  physiology. 


Carlson,  A.  J„  and  Johnson,  V.:  The  Machinery  of  the  Body.  3rd  ed.  Chicago,  University  of 
Chicago  Press,  1948. 

A  well-written  and  illustrated  discussion,  on  a  fairly  simple  level,  of  human  physiology. 

Fulton,  J.  F.:  Ilovjells  Physiology.  16th  ed.  Philadelphia,  W.  B.  Saunders  Company,  1949. 
One  of  the  standard,  detailed,  advanced  texts  of  physiology. 

Gerard,  R.  W.:  The  Body  Functions.  New  York,  John  Wiley  &  Sons,  Inc.,  1941. 

An  interesting  account  of  circulation,  digestion  and  excretion  in  man. 


Pavlov,  I.  P.:  Conditioned  Reflexes.  New  York,  International  Publishers,  1941. 

A  summary  by  this  classic  research  worker  of  his  experiments  on  conditioned  reflexes. 


““ W°  B.  sLd«1  01  ^  Nm°US  81,1  ed'  "'^elphia, 

A  detailed  advanced  description  of  the  brain  and  spinal  cord. 

Sher»eX"' rC'LTM7ntearaiiVe  ACUO"  °’  ^  NeTVOU*  SysUm ■  New  Haven,  Yale  Uni- 
A  n,rv™"”dsti”USSi°n’  ^  °"e  °'  ""  r°rem°St  — "*>«**.  o'  functions  of  the 


Zilboorg,  C,  A  History  „/  Medical  Psychology.  New  York,  W.  W.  Norton  &  Company,  Inc 
An  interesting  description  of  the  development  of  psychology  and  psychiatry. 


CHAPTER  17 


THE  SENSE  ORGANS 


IN  THE  discussion  of  the  interrelations  between  stimulus  and  response 
in  reflexes,  and  the  phenomenon  of  irritability  common  to  protoplasm 
in  general,  we  found  that  nerve  fibers  can  be  stimulated  directly  by  a 
wide  variety  of  stimuli — electrical,  chemical  and  mechanical.  The  proto¬ 
plasm  of  primitive,  single-celled  animals,  such  as  the  ameba,  is  sensitive 
to  many  different  stimuli,  as  evidenced  by  the  fact  that  it  will  move 
away  from  bright  lights,  certain  chemicals,  electric  currents  and  so  forth. 
But  on  a  higher,  more  complex  level  of  existence,  where  the  activities 
of  searching  for  food,  attracting  a  mate,  and  escaping  enemies  are  cor¬ 
respondingly  more  complex  and  hazardous,  the  animal  needs  specialized 
cells  sensitive  to  one  or  a  few  types  of  stimuli,  to  help  him  in  his  strug¬ 
gle  for  life.  In  the  evolutionary  process  such  receptors  have  been  devel¬ 
oped;  we  call  them  sense  organs.  As  an  example  of  the  low  thiesholds 
of  these  receptors,  consider  that  the  eye  is  stimulated  by  an  extremely 
faint  beam  of  light,  while  a  strong  light  is  required  to  stimulate  the 
nerve  directly.  Similarly,  the  negligible  amount  of  vinegar  which  can 
be  tasted,  or  the  amount  of  vanilla  which  can  be  smelled,  would  have 
no  effect  ’at  all  if  applied  to  the  nerve  fibers  directly. 

Traditionally,  man  is  supposed  to  have  five  ‘senses  (i.e.,  of  touch, 
smell,  taste,  sight  and  hearing),  but  this  is  misleading,  for  some  of  the 
five  can  be  divided  into  several  completely  different  senses.  Thus  touch, 
pain  pressure,  cold  and  heat  are  all  included  under  the  sense  o  touch. 
In  addition,  there  are  more  vague  and  generalized  but  none  the  less 
important  senses  for  determining  internal  states  of  the  body.  The  re 
eeptors  ?or  such  senses  are  located  in  the  viscera,  the  throat,  and  other 

l,lSnme  animals  have  senses  which  are  lacking  in  man.  For  example, 
rece“,T  experiments  with  pigeons  suggest  that  their  sense  of  direction 
1  1  I  +11  rrf  nther  birds  as  well,  depend  on  stimuli  received  in 

and  perhaps  that  °L°‘^hic  fields  of  the  earth.  Bats  in  flight  continu- 

rSd ‘"Sight  SS 

a  coded  message,  transm  y  there  m  be  m  differences 

brain.  In  the  tra“““““ ^uing,  (*)  differences  in  which  particular 
the  number  of  fibers  transmi  ^  ^  ^  number  of  impulses 

fibers  are  transmitting,  (  )  diff  jn  the  frequency  of  the  im- 

passing  over  a  given  fiber (4)  differencesq  in  the  time  rela- 

pulses  passing  over  a  g1'|en  fiber.  ana  ^  ^  the  possl. 

biliriesbfnWthen  Code”  sent  along  the  nerve  fiber;  how  the  sense  organ 
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initiates  different  codes  and  how  the  brain  analyzes  and  interprets  them 

to  produce  various  sensations  is  still  unknown. 

1.  The  Stimulus-Receiving  Process.  For  all  types  of  sense  organs  the 
actual  excitation  of  the  sensitive  cells  is  either  mechanical  or  chemical. 
So  far  as  we  know,  no  organism  has  receptors  sensitive  to  cosmic  or 
radio  waves  or  to  electric  currents.  The  stimulation  of  the  touch  and 
pressure  receptors  of  the  skin  depends  on  the  mechanical  stresses  trans¬ 
mitted  through  the  surrounding  capsules;  the  proprioceptors  (kines¬ 
thetic  receptors)  respond  to  the  mechanical  pressure  exerted  on  them 
when  the  surrounding  muscle  cells  or  tendon  fibers  are  stretched  or  com¬ 
pressed,  and  the  sensitive  cells  in  the  organs  of  hearing  and  balance  are 
believed  to  be  excited  by  ripples  or  waves  in  the  fluids  bathing  them. 
In  contrast,  the  olfactory  cells  of  the  nose  and  the  taste  buds  of  the 
tongue  are  stimulated  chemically  by  the  molecules  which  come  in  con¬ 
tact  with  them.  The  stimulation  of  the  pain  receptors  probably  depends 
upon  the  action  of  chemical  substances  released  by  damaged  cells,  since 
they  respond  to  strong  stimuli  of  any  sort.  The  receptors  for  heat  and 
cold  respond  to  chemical  changes  induced  in  them  by  changes  of  tem¬ 
perature,  and  the  cells  of  the  retina  respond  to  the  chemical  reactions 
which  occur  when  light  falls  on  them. 

2.  The  Perception  of  Sensations.  In  considering  the  problem  of  the 
nature  of  perceptions,  it  immediately  becomes  clear  that  man  (or  any 
organism)  does  not  receive  a  perfectly  true  and  complete  picture  of  his 
world,  or  even  of  himself.  In  the  first  place,  there  are  undoubtedly  many 
types  of  phenomena,  a  few  of  which  have  already  been  mentioned,  for 
which  he  has  no  channel  for  reception  at  all;  in  the  second  place,  even 
the  stimuli  for  which  he  is  sensitive  undergo  a  “distortion”  process  in 
the  act  of  being  apprehended.  How  much  of  our  perception  is  a  product 
of  the  sense  organs  and  the  brain,  and  how  much  is  representative  of 
the  “real’  world,  is  an  interesting  philosophical  question  which  we  can¬ 
not  go  into  here.  Most  biologists  assume  that  our  perceptions  do  give 
us  a  fairly  valid  picture  of  our  environment;  certainly  from  the  survival 
standpoint,  the  impressions  of  a  healthy  organism  are  valid.  After  this 
assumption  our  problem  is  to  understand  exactly  how  the  external  world 
is  translated  into  our  impression  of  it.  It  is  a  difficult  task,  and  much 
of  the  answer  must  remain  unknown,  at  least  for  the  time  being. 

This  much  is  known,  however:  whatever  awareness  we  do  have  is 
made  possible  by  a  hook-up”  between  the  sense  organs  and  the  brain. 

ns  connection  we  call  a  nerve  impulse,  and  it  is  most  important 
to  remember  that  all  nerve  impulses  are  qualitatively  the  same.  This 
means  that  the  impulse  instigated  by  the  ringing  of  a  bell  is  exactly  the 
same  as  the  impulse  initiated  by  the  pressure  of  a  pin  against  the  skin 
or  any  other  of  the  countless  possible  impulses  emitted  bv  anv  sense 
organ  lhis  being  so,  ,t  follows  that  the  qualitative  differentiation  of 
stimuli  must  depend  upon  the  sense  organ  itself,  upon  the  brain,  or  both 

fromatrePnde>r?fS  °n  ’ i PnITlly-  our  ability  to  discriminate  red 
from  green,  hot  from  cold,  or  red  from  cold,  is  due  to  the  fact  tint 

particular  sense  organs  and  their  individual  sensitive  cells  are  connected 
to  particular  parts  of  the  brain.  connected 

You  can  now  understand  why  anesthetics  are  effective.  Since  only 
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those  nerve  impulses  which  reach  the  brain  can  result  in  sensations,  any 
blocking  of  the  impulse  along  the  nerve  fibers  has  the  same  effect  as 
removing  the  original  stimulus  entirely.  The  sense  organs,  of  course,  will 
continue  to  initiate  impulses,  which  can  be  detected  by  the  proper  elec¬ 
trical  apparatus,  but  the  anesthetic  prevents  them  from  ever  reaching 
their  destination. 

3.  Localization  and  Intensity  of  Stimuli.  The  localization  of  stimuli, 
like  the  ability  to  distinguish  different  qualities  of  stimuli,  depends  on 
the  relationship  between  the  sense  organ  and  the  part  of  the  brain 
which  it  serves.  The  infant  early  learns  that  two  sensations,  though 
identical  in  quality,  are  associated  with  stimuli  coming  from  different 
sides  of  the  body.  He  is  able  to  localize  a  bright  light  in  his  left  eye 
or  a  sharp  stab  in  his  right  side,  simply  because  the  nerve  fibers  from 
the  left  eye  and  the  right  side  have  different  destinations  in  the  brain 
from  those  of  the  right  eye  and  the  left  side.  It  is  more  difficult  to 
localize  odors  and  still  more  difficult  to  localize  sounds,  since  the  stim¬ 
uli  for  these  are  more  general  and  diffuse. 

The  importance  of  the  brain  in  making  sensations  possible  is  em¬ 
phasized  by  the  phenomenon  of  “misreference,”  which  occurs  occasion¬ 
ally  in  connection  with  pain.  A  well  known  example  of  this  is  the  ex¬ 
perience  of  people  suffering  from  gallbladder  diseases,  who  complain  of 
pain  in  the  right  shoulder.  Actually,  of  course,  the  stimulus  originates  in 
the  gallbladder,  but  in  some  as  yet  not  understood  way,  the  nerve 
impulse  ends  up  in  the  same  part  of  the  brain  as  impulses  genuinely 

originating  in  the  right  shoulder.  .  , 

In  contrast  to  the  quality  and  localization  of  stimuli,  which  depend 
to  such  a  large  extent  upon  the  parts  of  the  brain  involved,  the  intensity 
of  sensation  depends  almost  entirely  upon  the  sense  organ  initiating  the 
original  impulse.  This  is  so  because,  for  almost  all  sensations,  not  one 
but  many  impulses  are  sent  along  the  nerve  fiber,  and  it  is  the  number 
of  these  which  determines  how  strong  the  sensation  wil  be.  An  intense 
blow  will  initiate  more  impulses  per  second  than  a  light  tap,  and  tie 
greater  the  area  covered  by  the  blow,  the  stronger  the  ultimate  sensa¬ 
tion  since  more  receptors  will  be  stimulated  and  more  impulses  sent 
4  The  Tactile  Senses.  The  skin  contains  several  different  types  of 
simple  sense  organs,  some  of  them  merely  the  free  ends  of  dendrites 

(FigT?.  By  maS  a°  eatfuf  ^of  1  ZTZJt  sL. 

&  s?  sx* - s  « 

fre^nerve  endingsTare^  responsibleCor  pain  perception  and  that  par- 
ticula^types  of  encapsulated  nerve 

5.  Kinesthesis.  Each  muse  e.  tendon  and^om  ^ ^  of 

^esToVtt’^iirnVnC  movement  of  the  various  parts  of  the  body. 
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the  sense  referred  to  as  kinesthesis.  The  existence  of  this  sense  enables 
us,  even  with  our  eyes  closed,  to  perform  manual  acts,  such  as  dressing 
or*  tying  knots.  Impulses  from  the  proprioceptors  are  also  extremely 
important  in  insuring  the  harmonious  contraction  of  different  muscles 
involved  in  a  single  movement;  without  them,  complicated,  skillful  acts 
would  be  impossible.  These  impulses  are  also  important  in  the  mainte¬ 
nance  of  balance.  The  proprioceptors  are  probably  more  numerous  and 
more  continuously  active  than  any  of  the  other  senses,  although  we  are 
less  aware  of  them  than  of  any  others;  in  fact,  the  existence  of  this  sense 
was  discovered  only  about  a  hundred  years  ago.  One  obtains  some  idea 
of  what  life  without  proprioceptors  would  be  like  when  a  leg  or  arm 
“goes  to  sleep” — the  feeling  of  numbness  results  from  the  lack  of  pro¬ 
prioceptive  impulses. 


Fig.  132.  Sense  organs  in  the  skin.  A,  Touch  (Meissner's  corpuscle) ;  B,  cold  (Krause’s  end 
bulb);  C,  warmth  (Ruffini’s  end  organ);  D,  deep  pressure  (Pacinian  corpuscle);  E  pain 
(bare  nerve  endings  in  cornea).  (Best  and  Taylor:  The  Living  Body,  Henry  Holt  &  Co 
Inc.)  J  '* 


6.  Visceral  Sensitivity.  The  sensations  associated  with  the  receptors 
located  in  the  internal  organs,  which  are  extremely  important  in  reg- 
ulatmg  the  activities  of  the  viscera,  seldom  reach  the  level  of  conscious¬ 
ness.  They  bring  about  reflex  control  of  the  functioning  of  the  internal 
organs  by  way  of  reflex  centers  in  the  medulla,  midbrain  or  thalamus  A 
few  of  the  impulses  from  these  receptors  do  get  to  the  cerebrum  how- 

sensation  Athirst  ‘°  ?™f0ns  such  as  thirst-  hunger  and  nausea.  The 
sensation  of  thirst  originates  in  receptors  in  the  lining  of  the  throat- 

when  this  liinng  becomes  dry,  the  receptors  send  impulses  to  the  brain 

which  we  interpret  as  a  feeling  described  as  “being  thirsty.” 

e  wall  of  the  stomach  also  contains  receptors  Whpn  tlw»  i 

.  empty,  a  series  of  strong,  slow,  muscular  contactions  sweep's  “e 

walls,  stimulating  these  receptors  and  resulting  in  the  feeling  of  hunger. 
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By  having  a  subject  swallow  a  rubber  balloon  connected  by  a  tube  to 
a  recording  device,  it  was  found  that  hunger  pangs  were  nothing  more 
than  these  characteristic  contractions,  Therefore  they  come  and  go  and 
return  again  as  the  contractions  occur.  The  feeling  of  nausea  also 
originates  from  receptors  in  the  stomach,  but  the  contractions  respon¬ 
sible  for  it  move  up,  instead  of  down  the  tract  as  in  normal  peristalsis. 

Still  other  receptors  lie  in  the  mesenteries  holding  the  internal  organs 
in  place.  When  these  mesenteries  becomes  inflamed  or  stretched  by  unu¬ 
sual  movements  of  the  organs  to  which  they  are  attached,  sensations 
of  pain  result.  There  are  other  nerve  endings  for  pain  in  the  linings  of 
the  organs  themselves. 

The  sense  of  fullness  and  the  urge  to  defecate  and  urinate  depend 
upon  receptors  in  the  walls  of  the  rectum  and  urinary  bladder,  respec- 


Supporting 
cells 


Nerve  fibers 


1S3  4  Cells  of  the  olfactory  epithelium  of  the  human  nose.  B,  Cells  of  a  taste  bud 

££&  was  sr  fjss: 

Biology,  Gth  Ed.,  The  Macmillan  Co. 

lively,  which  are  stimulated  by  the  tension  resulting  when  those  hollow 

organs  are  distended  by  their  oontents.  .  .  j 

Many  other,  less  well-defined  visceral  sensations  are  felt  during  sexu. 

activity,  illness  or  emotioual  crises  sensations  of  taste  and 

organs  known  «  ^sensory  neurons  and  surrounded  by  supporting  cells 
C(Fig,ClS3)e  *  ThT?asrbudys  open  by  pores  ,0  .he  .urf.ce  of  «e. 
There  are  only  four  The  buds  are  distributed 

unevenly  ovVthfSce  of  the  tongue,  so  that  certain  parts  are  espe- 

“  * 
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cially  sensitive  to  sweet  things,  others  to  sour  things,  and  so  on  Ihe 
taste  buds  can  be  stimulated  electrically,  and  when  so  stimulated  pro¬ 
duce  their  characteristic  sensation.  But  the  flavor  of  a  substance  depends 
only  partly  on  the  sense  of  taste;  the  rest  is  due  to  the  sense  of  sme 
The  tiny  chemical  particles  pass  from  the  mouth  through  the  mternal 
nares  into  the  nasal  chamber  and  stimulate  the  sense  organs  there  W  len 
one  has  a  cold,  foods  are  relatively  tasteless  because  the  sense  of  smell 
is  partly  or  wholly  lost. 

There  are  inherited  differences  in  the  sense  of  taste.  Some  people  find 
that  the  chemical  phenylthiocarbamide  is  bitter;  others  find  it  tasteless. 
Ability  to  taste  the  chemical  is  inherited  through  a  single  pair  of  genes. 

The  sense  organs  of  smell  are  located  in  the  epithelial  lining  of  the 
upper  part  of  the  nasal  cavity  in  a  region  not  ordinarily  washed  by  the 
incoming  air.  Particles  entering  the  nostrils  reach  them  by  diffusion  and 
dissolve  in  the  mucus  covering  the  sensitive  cells.  The  sensory  cells  for 
smell  occur  singly  and  are  distinguished  from  ordinary  epithelial  cells 
by  hairs  which  project  into  the  mucous  layer  (Fig.  133) . 

In  contrast  to  the  sensations  of  taste,  the  various  odors  cannot  be 
classified  into  definite  types;  each  substance  has  its  own  distinctive 
smell.  The  olfactory  organs  respond  to  remarkably  small  amounts  of  a 
substance.  The  synthetic  substitute  for  the  odor  of  violets,  ionone,  can 
be  detected  by  most  people  when  it  is  present  to  the  extent  of  one  part 
in  more  than  thirty  billion  parts  of  air.  The  sense  of  smell  is  rapidly 
fatigued,  and  air  originally  having  a  powerful  stimulus  may  seem  odor¬ 
less  after  a  few  minutes.  This  fatigue  is  specific  for  the  particular  sub¬ 
stance  producing  it,  thus  receptors  that  have  become  insensitive  to  one 
substance  will  react  to  another  quite  normally.  This  suggests  that  there 
are  many  different  kinds  of  sense  cells,  each  specific  for  a  particular 
chemical.  Some  people  completely  lack  a  sense  of  smell,  while  others  are 
able  to  smell  some  substances,  but  not  all. 


8.  Vision.  Light-sensitive  cells  exist  in  almost  all  living  matter;  even 
protozoa,  which  lack  any  special  organ,  respond  to  changes  in  light  in¬ 
tensity,  usually  moving  away  from  the  source  of  light.  Most  plants 
orient  their  leaves  and  flowers  toward  the  sun,  although  they  have  no 
special  light-sensitive  structures.  In  most  of  the  higher  animals  this 
light-sensitivity  is  localized  in  certain  cells  and  is  highly  developed.  The 
human  eye  is  an  excellent  example  of  an  extremely  sensitive,  specialized 
organ  for  perceiving  light.  Recent  experiments  by  Dr.  Ilecht  and  his 
collaborators  at  Columbia  University  have  shown  that  a  well  dark- 
adapted  eye  can  detect  as  little  as  fi  to  10  quanta  of  light.f 

Some  protozoa  have  “eye  spots”  which  are  more  sensitive  to  light 
han  the  rest  of  the  cell,  but  the  most  primitive  light-sensitive  organs  in 
the  evolutionary  scale  are  those  of  the  flatworms,  such  as  planaria 
rhe.r  eyes  are  bowl-shaped  structures  containing  black  pigment  at  the 
hot  om  of  which  are  clusters  of  light-sensitive  cells.  These  are  shaded  bv 

Sout  U,\“a.:“wLPre'l°minale  at  lhe  tiP  °'  lhe  l°"SUe-  biU"  «“•-  *  ‘be  base,  and 
railed  photons,  and^T-^  i" photon  quantum°  Th^ li 

^Mdra^6aoT?qlLiuIXS^  aWay  iS  iUSt  at  the  limit  °f  Visibili^ 
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the  pigment,  from  light  coming  from  all  directions  except  above  and 
slightly  to  the  front,  so  that  when  the  animal  does  become  aware  of 
light,  it  knows  from  what  direction  it  is  coming.  These  eyes,  of  course, 
do  not  register  images  as  do  our  eyes,  but  are  merely  sensitive  to  different 
light  intensities.  Planaria  have  other  light-sensitive  cells  over  the  entire 
body  surface,  for  they  still  react  to  light  after  their  eyes  have  been 
removed,  though  more  slowly  and  less  accurately. 

Many  marine  worms  have  well-developed  eyes  and  other  sense  organs 
on  the  head,  but  the  earthworm,  being  a  burrowing  animal,  has  lost 
these.  It  emerges  from  its  burrow  at  night,  however,  and  the  light- 
sensitive  cells  on  its  dorsal  surface  enable  it  to  recognize  the  coming  of 
dawn.  In  addition,  the  earthworm  has  cells  sensitive  to  touch  and  tem¬ 
perature,  and  to  substances  placed  on  its  skin  and  in  its  mouth  and 
pharynx.  Earthworms  have  definite  tastes  in  food,  preferring  carrot 
leaves  to  celery,  and  celery  to  cabbage. 

The  eyes  of  insects  and  crabs  are  “mosaic”  eyes,  quite  different  from 
the  camera  eyes  of  vertebrates.  Mosaic  eyes  are  composed  of  many, 
sometimes  thousands,  of  visual  units,  each  with  a  small  bundle  of  light- 
sensitive  cells  and  a  fixed,  immovable  lens.  The  action  of  these  eyes  does 
not  result  in  a  single,  sharp  picture  as  that  of  a  camera  eye  does,  but 
instead  gives  a  mosaic,  to  which  each  unit  of  the  eye  contributes  a 
separate  image.  The  effect  is  imagined  to  be  rather  similar  to  a  poor 
newspaper  photograph.  Arthropods,  then,  are  not  so  aware  of  the  details 
in  an  image  as  of  the  motion  of  objects.  Because  any  movement  of  prey 
or  enemy  is  immediately  picked  up  by  one  of  the  eye  units,  this  type  o 
organ  is  peculiarly  suited  to  the  arthropod’s  way  of  life.  Among  the 
invertebrates,  only  the  squid  and  octopus  have  camera  eyes  with  lenses 
that  can  focus  for  far  and  near  vision  and  reproduce  reasonably  accurate 

images  of  the  animals’  environment.  ...  .  , 

The  Human  Eye.  The  squid  or  octopus  eye  is  rather  like  a  simple 

Brownie  camera,  equipped  with  slow,  black  and  white  film,  w  ®rea®  .  ® 
human  eye  is  like  a  de  luxe  Leica  loaded  with  extremely  sensitive  col 

fil  The  analogy  between  the  human  eye  and  a  camera  is  complete:  the 
eye  (Fig  S)  has  a  lens  which  can  be  focused  for  different  distances, 

1  di-,f  thereof  Z  ,yl  L 

contains  the  blood  vessels  which  n0“nsh  ^eJ.etl"  i  a  tough>  opaque. 
curved  she"  oTfonlcUvelLue^wtich^protects  the  inner  structures  and 
eye^ thU^heet*1  becomifs'^the  thinn^  transparent  cornea,  through  which 
“^Immediately  behind  the  iris  is  a 

Tetina  bitn1s  rfdrf  b^X  cuTed  'surface  of  the  cornea  and  by  the 
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filled  with  a  more  viscous  fluid,  the  vitreous  humor;  both  fluids  are 
important  in  maintaining  the  shape  of  the  eyeball.  They  are  secreted  by 
the  ciliary  body,  a  doughnut-shaped  structure  which  attaches  the  liga¬ 
ment  holding  the  lens  to  the  eyeball. 

The  eye  accommodates,  or  changes  focus  for  near  or  far  vision,  by 
changing  the  curvature  of  the  lens.  This  is  made  possible  by  the  stretch¬ 
ing  and  relaxing  of  the  lens  by  the  ciliary  ligament,  which  attaches  the 
lens  to  the  ciliary  body.  Because  of  the  pressure  of  the  fluids  within,  the 
eyeball  is  under  tension,  which  is  transmitted  by  the  ciliary  ligament  to 
the  lens.  When  the  lens  is  stretched,  it  flattens  and  focuses  the  eye  for 
far  vision,  the  condition  of  the  eye  at  rest.  Just  in  iront  of  the  ciliary 


Foveo 


Blind  spot 


Optic  nerve 


I’ig.  134.  Horizontal  section  of  the  human  eye.  (Hunter  and  Hunter:  College  Zoology.) 

body,  and  attached  to  the  ciliary  ligament,  are  ciliary  muscles  which, 
when  contracted,  take  up  the  strain  on  the  ligament  and  lens,  leaving 
the  latter  free  to  assume  the  more  spherical  shape  for  near  vision. 

As  people  growr  older,  the  lens  becomes  less  elastic  and  thereby  less 
able  to  accommodate  for  near  vision.  When  this  occurs,  spectacles  with 
one  part  ground  for  far  vision  and  one  for  near  vision  are  worn  to  ac¬ 
complish  what  the  eye  can  no  longer  do. 


The  amount  of  light  entering  the  eye  is  regulated  by  the  iris,  a  ring 
o  muscle  which  appears  as  blue,  green  or  brown,  depending  on  the 
amount  and  nature  of  pigment  present.  The  structure  is  composed  of 
two  sets  of  muscle  fibers,  one  arranged  circularly,  which  contracts  tn 


. 6**v  nuu  instantaneous,  but  re 

thus  when  one  steps  from  a  light  to  a  dark  a 
the  eyes  to  adapt  to  the  dark,  and  when  ( 


requires  ten  to  thirty  seconds; 
<.  area,  some  time  is  needed  for 
i  one  steps  from  a  dark  room 


to  a  brightly  lighted  street,  the  eyes 
pupil  is  decreased. 


are  dazzled  until  the  size  of  the 
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Each  eye  has  six  muscles  stretching  from  the  surface  of  the  eyeball  to 
various  points  in  the  bony  socket  which  enable  the  eye  as  a  whole  to 
move  and  be  oriented  in  a  given  direction.  These  muscles  are  innervated 
in  such  a  way  that  the  eyes  normally  move  together  and  focus  on  the 
same  area. 

The  only  part  of  the  human  eye  which  is  light-sensitive  is  the  retina, 
a  hemisphere  made  up  of  an  abundance  of  receptor  cells,  called,  accord¬ 
ing  to  their  shape,  rods  and  cones.  There  are  about  125,000,000  rods 
and  6,500,000  cones.  In  addition,  the  retina  contains  many  sensory  and 
connector  neurons  and  their  axons.  Curiously  enough,  the  sensitive  cells 
are  at  the  back  of  the  retina;  to  reach  them,  light  must  pass  through 
several  layers  of  neurons.  There  is  no  logical  basis  for  this,  but  as  the 
eye  develops  as  an  outgrowth  of  the  brain,  it  folds  in  such  a  way  that 
the  sensitive  cells  eventually  lie  on  the  farthermost  side  of  the  retina. 
At  a  point  in  the  back  of  the  eye,  the  individual  axons  of  the  sensor; 
nerves  unite  to  form  the  optic  nerve  and  pass  through  the  eyeball.  Here 
there  are  no  rods  and  cones.  This  area  is  called  the  “blind  spot,’  since 
images  falling  on  it  cannot  be  perceived.  Its  existence  can  be  demon¬ 
strated  by  closing  the  left  eye  and  focusing  the  right  one  on  the  -f  in 
Figure  135.  Starting  with  the  page  about  5  inches  from  the  eye,  move 


pig.  Demonstration  of  the  blind  spot  on  the  retina.  See  text  for  details. 


it  away  until  the  circle  disappears.  At  that  position  the  image  of  the 
circle  is  falling  on  the  blind  spot  and  so  is  not  peiceived. 

In  the  center  of  the  retina,  directly  in  line  with  the  center  of  the 
cornea  and  lens,  is  the  region  of  keenest  vision,  a  small  depressed  area 
called  the  fovea.  Here  the  light-sensitive  cones,  responsible  for  bright  light 
vision  for  the  perception  of  detail  and  for  color  vision,  are  concentrated. 

The  other  light-sensitive  cells,  the  rods,  are  more  numerous  in  the 
periphery  of  the  retina,  away  from  the  fovea.  These  function  in  twi¬ 
light  or  dim  light  and  are  insensitive  to  colors.  One  is  not  ordinal l  \ 
aware  that  color  can  be  perceived  only  in  those  objects  which  are  more 
orTess  directly  in  front  of  the  eyes,  but  the  fact  can  be  demonstrated 
bv  a  simple  experiment.  If  you  close  one  eye  and  focus  the  other  on  some 
by  as  P  P  a  Colored  object  is  gradually  brought  into  view 

Tom  the  side,  you  be^ 

SS  dfrUinToTvision  so  **  H.  ^  ^  ona  P- - 
SET  mSS  Han  are  the  cones,  Since  the  rods 

in  the  center,  but  >n  .‘^..YerTn  dim  lilt  if  you  do  not  look  at  it  directly 
you  can  see  an  object  be *~m**W£  *  ^  cenl„  of  the  reti„.),  but 

(for  then  its  image  w.  1  Wl  on  the  on  the  rods  in  the  Pe- 

slightly  to  one  side  ot  it,  so  tnai  iu>  b 
riphery  of  the  retina. 
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Every  rod  contains  a  light-sensitive  chemical  known  as  visual  purple, 
a  compound  of  vitamin  A  and  a  protein.  When  light  falls  on  the  rods, 
the  light  energy  causes  a  chemical  breakdown  of  the  visual  purple  to 
a  different  chemical  known  as  visual  yellow.  Each  quantum  of  light 
falling  on  the  retina  causes  the  breakdown  of  one  molecule  ot  visual 
purple,  which  stimulates  one  rod  cell.  For  a  light  to  be  perceived,  about 
six  to  ten  rods  have  to  be  excited  at  once.  In  the  dark,  the  visual  yellow 
is  resynthesized  into  visual  purple,  and  the  rod  is  ready  to  be  stimu¬ 
lated  again.  Since  visual  purple  contains  vitamin  A,  a  certain  amount 
of  that  substance  is  necessary  for  this  synthesis;  hence  people  whose 
diets  are  deficient  in  vitamin  A  are  unable  to  resynthesize  visual  purple 
at  an  adequate  rate  and  become  unable  to  see  in  dim  light.  After  thirty 
to  sixty  minutes  in  the  dark,  the  eye  becomes  adapted  and  is  much  more 
sensitive — perhaps  a  thousand  times  more  so — than  in  the  light.  Al¬ 
though  the  rods  do  not  function  in  bright  light,  some  of  the  visual  pur¬ 
ple  is  constantly  being  broken  down  as  long  as  the  eyes  are  exposed 
to  it;  but  when  one  remains  in  the  dark,  all  the  visual  yellow  is  con- 
.  verted  to  visual  purple,  and  the  eye  attains  its  maximum  sensitivity. 
For  this  reason,  night-flying  aviators  frequently  remain  in  the  dark 
or  wear  thick  red  glasses  to  dark-adapt  their  eyes  before  flying. 

Less  is  understood  about  the  chemistry  of  the  cones,  but  they  are 
known  to  contain  a  substance  called  visual  violet,  also  made  of  vitamin 
A  plus  a  protein.  A  number  of  theories,  none  of  which  is  completely 
satisfactory,  have  been  proposed  to  explain  color  vision.  It  seems  likely 
that  there  are  at  least  three  different  kinds  of  cones,  sensitive  to 
three  different  light  wavelengths,  which  produce  the  sensations  of  red¬ 
ness,  blueness  and  greenness.  When  all  are  stimulated  equally,  the  sen¬ 
sation  of  whiteness  results.  Impressions  of  intermediate  colors,  such  as 
orange,  result  from  the  simultaneous  but  unequal  stimulation  of  two  or 
more  types. 

Dejects  in  Vision.  The  defects  of  the  eye  most  common  in  man  are 
near-sightedness  (myopia) ,  far-sightedness  (hypermetropia)  and  astig¬ 
matism.  In  the  normal  eye  (Fig.  136,  A)  the  shape  of  the  eyeball  is 
such  that  the  retina  is  the  proper  distance  behind  the  lens  for  the  light 
rays  to  converge  in  the  fovea.  In  a  near-sighted  eye  (Fig.  136,  B)  the 
eyeball  is  too  long,  and  the  retina  is  too  far  from  the  lens,  so  that  the 
light  rays  converge  at  a  point  in  front  of  the  retina,  and  are  again 
diverging  when  they  reach  it,  resulting  in  a  blurred  image.  In  a  far¬ 
sighted  eye  (Fig.  136,  C) ,  the  eyeball  is  too  short  and  the  retina  too 
close  to  the  lens,  causing  the  light  rays  to  strike  the  retina  before  they 
have  converged,  again  resulting  in  a  blurred  image.  Concave  lenses 
correct  for  the  near-sighted  condition  by  bringing  the  light  rays  to  a 
ocus  at  a  point  farther  back,  and  convex  lenses  correct  for  the  far¬ 
sighted  condition  by  causing  the  light  rays  to  converge  farther  forward. 

Ast|gmatism  is  a  condition  in  which  the  cornea  is  curved  unequally  in 
iflerent  planes,  so  that  the  light  rays  in  one  plane  are  focused  at  a 

f  ef.1  v°mt  fr°m  those  ,n  another  plane  (Fig.  136,  D) .  To  correct 
or  astigmatism,  lenses  must  be  ground  unequally  to  compensate  for 
the  unequal  curvature  of  the  cornea. 

In  old  age  the  lens  may  lose  its  transparency,  become  opaque,  and 


300 


The  Organization  of  the  Body 

interfere  with  the  transmission  of  light  to  the  retina,  causing  blindness. 
The  only  cure  for  this  is  surgical  removal  of  the  lens.  This  restores  sight, 
but  removes  the  ability  to  focus,  so  that  a  lensless  person  must  wear 
special  spectacles  as  a  substitute  for  the  lens. 

rI  he  position  of  the  eyes  in  the  head  of  man  and  certain  other  higher 
vertebrates  permits  them  to  focus  both  eyes  on  the  same  object.  This 


Fig  136.  Diagram  illustrating  common  abnormalities  of  the  eye.  A,  Normal  eye,  in  which 
parallel  light  rays  coming  from  a  point  in  space  are  focused  as  a  point  on  the  retina  li.  Near¬ 
sighted  eye,  in  which  the  eyeball  is  elongated  so  that  parallel  light  rays  are  brought  to  a  focus 
in  front  of  the  retina  (on  dotted  line,  which  represents  the  position  of  the  retina t  in  the 
mal  eye)  and  so  form  a  blurred  image  on  the  retina.  This  situation  is  corrected  bypW 
concave  lens  in  front  of  the  eye.  This  diverges  the  light  rays  making  it 
to  focus  these  rays  on  the  retina.  C,  Far-sighted  eye,  in  which  the  _eyebaJI 
light  rays  are  focused  behind  the  retina.  A  convex  lens  converges  the  light  rays  so  that  t 
eye  focuses  them  on  the  retina.  D,  Astigmatic  eye,  in  which  light  rays  P^'^ro  g 
Zxt  of  the  eye  are  focused  on  the  retina,  while  light  rays  passing  through  another  area  of 
th“  lens  are  not  focused  on  the  retina,  owing  to  unequal  curvature  of  the  lens  or  cornea  A 
cylindrical  lens  will  correct  this  by  bending  light  rays  going  through  only  certain  parts 
eye.  (Hunter  and  Hunter:  College  Zoology.) 


binocular  vision  is  an  important  factor  in  judging  d.stanc .and  depth. 
To  focus  on  a  near  object,  the  eyes  must  converge  (become  slightly 
cross-eyed).  In  the  eye  muscles  causing  this  convergence  are  p  P 
ppntors  stimulated  by  this  contraction  to  send  impulses  to  .  ’ 

hence  part  of  our  judgment  of  distance  and  depth  depends  upon  im¬ 
pulses  which  result  when  the  sensory  fibers  in  those  muscles  are  s 
fatedf  In  addition,  the  eyes,  being  a  little  over  *  inches  apart,  see  things 
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from  slightly  different  angles  and  thus  get  slightly  different  views  of 

a  close  object.  .  , 

9.  The  Ear.  The  organs  of  two  different  senses,  hearing  and  equili¬ 
brium,  are  located  in  the  ear.  These  organs  are  buried  deep  in  the  bone 
of  the  skull,  and  a  number  of  accessory  structures  are  needed  to  trans¬ 
mit  sound  waves  from  the  outside  to  the  deep-lying  sensory  cells.  The 
ear  may  be  divided  into  outer,  middle,  and  inner  parts;  by  reference 
to  the  diagram  (Fig.  137)  the  path  of  the  sound  waves  may  be  followed. 

The  outer  ear  consists  of  two  parts,  the  skin-covered  cartilaginous 
flap  or  pinna,  and  the  auditory  canal  leading  from  it  to  the  middle  ear. 

The  pinnas,  or  visible  ears,  are  of  some  slight  use  in  man  for  directing 
sound  waves  into  the  canal,  but  in  other  animals  such  as  the  cat,  the 
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Fig.  137.  Structure  of  the  ear,  shown  schematically.  (Clendening,  L.:  The  Human  Body. 
Copyright  1927,  1945,  by  Alfred  A.  Knopf,  Inc.) 

larger,  movable  pinnas  are  very  important.  At  the  junction  of  the  audi¬ 
tory  canal  and  the  middle  ear  is  stretched  a  thin,  connective  tissue 
membrane,  the  ear  drum,  which  the  sound  waves  set  vibrating. 

The  middle  ear  is  a  small  chamber  containing  three  tiny  bones  con¬ 
nected  in  a  series,  the  hammer,  anvil  and  stirrup  (so  called  because  of 
their  shapes),  which  transmit  the  sound  waves  across  the  middle  ear 
cavity.  The  hammer  is  in  contact  with  the  ear  drum,  and  the  stirrup 
IS  in  contact  with  the  membrane  of  the  opening  into  the  inner  ear, 
called  the  oval  window.  The  middle  ear  is  connected  to  the  pharynx 
by  the  narrow  eustachian  tube,  which  serves  to  equalize  the  pressure 
on  the  two  sides  of  the  ear  drum.  If  the  middle  ear  were  completely 
c  osed,  any  variation  in  atmospheric  pressure  would  cause  a  pronounced 

end  nfTh  ^  ^  °f  the  ear  drum*  At  the  Pharyngeal 

f  the  eustachian  tube  is  a  valve,  normally  closed,  which  prevents 

e  rom  becoming  unpleasantly  aware  of  his  own  voice.  This  valve 


302 


The  Organization  of  the  Body 

is  opened  during  yawning  or  swallowing,  and  during  an  abrupt  ascent 
or  descent  in  an  elevator  or  airplane  such  acts  help  prevent  the  cracking 
sensation  of  the  ear  drums  produced  by  the  changes  in  atmospheric 
pressure  accompanying  changes  in  altitude.  Unfortunately,  the  eusta- 
chian  tube  also  provides  a  path  for  organisms  which  sometimes  cause 
infections  resulting  in  the  fusing  of  the  middle  ear  bones  and  loss  of 
hearing. 


MIDDLE  EAR 


COCHLEAR H 
CANAL  I  % 


VESTIBULAR 
V  CANAL  -\0: 


(J  TECTORIAL 

\.  membrane- 


HAIR 

CELLS' 


BASILAR 

MEMBRANE 


TYMPANIC  CANAL 


STIRRUP 

VESTIBULAR, 
COCHLEAR,  t 
TYMPANIC 
CANALS 


Fig.  138.  Above,  The  cochlea — the  organ  of  hearing,  shown  dissected  out  of  the  skull  and 
schematically,  as  though  it  were  uncoiled  and  split  open,  revealing  the  three  canals.  Vibra¬ 
tions  of  the  stirrup  set  the  perilymph  (shown  stippled)  in  the  vestibular  canal  in  motion;  the 
vibrations  are  transmitted  to  the  basilar  membrane  and  the  organ  of  Corti  resting  upon  it. 
Below  The  organ  of  Corti  is  shown  in  cross  section  through  one  part  of  the  cochlea,  the 
hair  cells,  innervated  by  the  branches  of  the  auditory  nerve,  are  the  receptor  cells  tor 
hearing.  (Carlson  and  Johnson:  The  Machinery  of  the  Body,  3rd  Ed.,  published  by  Uni¬ 
versity  of  Chicago  Press.) 


The  inner  ear  consists  of  a  complicated  group  of  interconnected 
canals  and  sacs,  often  referred  to,  most  appropriately,  as  the  labyrinth. 
The  part  of  the  labyrinth  concerned  with  hearing  is  a  spirally  col  e 
tube  of  two  and  a  half  turns,  resembling  a  snail’s  shell,  called  the 
cochlea.  If  the  cochlea  were  uncoiled,  as  in  Figure  138,  it  could  e  seen 
to  consist  of  three  canals  separated  from  each  other  by  thin  membranes 
and  coming  almost  to  a  point  at  the  apex.  The  oval  window  ,s  connect^ 
to  the  base  of  one  of  these  tubes,  the  vestibular  canal.  At  the  has 
the  tympanic  canal  is  another  opening  covered  by  a  membrane  th 
round  window,  which  also  leads  to  the  middle  ear.  These  two  canals 
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are  connected  with  each  other  at  the  apex  of  the  cochlea  and  are  hlle 
wTth  a  flukl  known  as  the  perilymph.  Between  the  two  hes  a  th.rd  he 
co  hlear  canal,  filled  with  a  fluid  called  endolymph  and  containing  the 
‘,euud  organ  of  hearing,  the  organ  of  Cord  This  sUnc  ure  consists  of 
five  rows  of  cells  with  projecting  hairs  which  extend  the  entire  S 
of  the  coiled  cochlea.  Each  organ  of  Corti  contains  about  24  000  of 
them.  These  cells  rest  upon  the  basilar  membrane,  which  separates  t 
cochlear  from  the  tympanic  canal.  Overhanging  the  hair  cells  is  another 
membrane,  the  roof  (or  tectorial)  membrane,  attached  along  one  edge 
to  the  membrane  on  which  the  hair  cells  rest,  and  with  its  otliei  cd0c 
free.  The  hair  cells  initiate  impulses  in  the  fibers  of  the  auditory  nerve. 

For  a  sound  to  be  heard,  sound  waves  must  first  pass  down  the 
auditory  canal  and  set  the  ear  drum  vibrating.  These  vibrations  are 
transmitted  across  the  middle  ear  by  the  hammer,  anvil  and  stirrup, 
which  are  so  arranged  that  they  decrease  the  amplitude,  but  increase 
the  force,  of  the  vibrations.  The  stirrup  transmits  the  vibrations,  via 
the  oval  window,  to  the  fluid  in  the  vestibular  canal.  Since  fluids  are 
incompressible,  the  oval  window  could  not  cause  a  movement  of  tin 
fluid  in  the  vestibular  canal  unless  there  were  an  escape  valve  for  the 
pressure.  This  is  provided  by  the  round  window  at  the  end  of  the 
tympanic  canal.  The  pressure  wave  presses  upon  the  membranes  sep¬ 
arating  the  three  canals,  is  transmitted  to  the  tympanic  canal,  and 
causes  a  bulging  of  the  round  window.  The  movements  of  the  basilar 
membrane  produced  by  these  pulsations  are  believed  to  rub  the  hair 
cells  of  the  organ  of  Corti  against  the  overlying  roof  membrane,  thus 
stimulating  them  and  initiating  nerve  impulses  in  the  dendrites  of  the 
auditory  nerve,  lying  at  the  base  of  each  hair  cell. 

Since  sounds  differ  in  pitch,  intensity  and  quality,  any  theory  of 
hearing  must  account  for  the  ability  to  discriminate  such  differences. 
Microscopic  examination  of  the  organ  of  Corti  reveals  that  the  fibers 
of  the  basilar  membrane  are  of  different  lengths  along  the  coiled  cochlea, 
being  longer  at  the  apex  and  shorter  at  the  base  of  the  coil,  thus  re¬ 
sembling  a  harp  or  piano.  It  is  believed  that  specific  fibers  in  the  basilar 
membrane  are  tuned  to  and  set  into  vibration  by  sounds  of  specific 
pitches.  When  the  ear  is  subjected  to  intense,  continuous  sound,  the 
organ  of  Corti  is  injured.  This  was  demonstrated  by  an  experiment  on 
guinea  pigs  in  which  the  animals  were  exposed  to  continuous  pure  tones 
for  a  period  of  several  weeks.  When  their  cochleas  were  examined 
microscopically  after  death,  it  was  found  that  the  guinea  pigs  subjected 
to  high-pitched  tones  suffered  injury  only  in  the  lower  part  of  the 
cochlea,  while  those  subjected  to  low-pitched  tones  suffered  injury  only 
in  the  upper  part  of  the  cochlea.  Workers,  such  as  boilermakers,  sub¬ 
jected  to  loud,  high-pitched  noises  over  a  period  of  years,  frequently 
become  deaf  to  high  tones,  because  of  injury  of  the  cells  toward  the 
base  of  the  organ  of  Corti.  Recent  research  indicates  that  the  nerve 
impulses  produced  by  particular  sounds  have  the  same  frequency  as 
those  sounds,  so  that  the  brain  may  recognize  particular  pitches  by 
the  frequency  of  the  nerve  impulses  reaching  it,  as  well  as  by  the  identity 
of  the  nerve  fibers  conducting  the  impulses. 

The  auditory  nerves  send  two  kinds  of  nerve  impulses:  ordinary 


nerve 
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impulses  like  those  of  any  other  nerve,  and  a  different  type  called 
microphonic.  The  energy  for  the  latter  is  not  derived  from  the  metabo¬ 
lism  of  the  nerve  fiber,  as  is  the  energy  for  the  former;  instead,  the 
cochlea  acts  as  a  microphone  to  convert  the  mechanical  energy  of  the 
sound  vibrations  into  electrical  energy.  For  this  reason  the  wave  form 
of  the  electrical  potential  from  the  cochlea  closely  resembles  that  of  the 
stimulating  sound  wave.  In  fact,  Wever  and  Bray  placed  electrodes  on 
the  auditory  nerve  of  a  decerebrated  cat,  and  then,  listening  with  a 
telephone  receiver  to  the  amplified  signals  of  the  nerve,  were  able  to 
hear  not  only  musical  tones,  but  actual  words  spoken  to  the  cat.  The 
hair  cells  of  the  organ  of  Corti  are  believed  to  be  responsible  for  this 
conversion  of  mechanical  to  electrical  energy,  the  upper  and  lower  ends 
of  the  cochlea  responding  to  low  and  high  tones,  respectively.  It  is 
still  a  disputed  question,  however,  whether  these  microphonics  have 
anything  to  do  with  the  actual  sensation  of  hearing  in  the  normal 
animal. 

The  intensity  or  loudness  of  a  tone  depends  upon  the  number  of  hair 
cells  stimulated.  A  gentle  sound  wave  does  not  produce  as  intense  a 
sensation  as  a  stronger  one  because  it  fails  to  create  as  great  a  vibration 
of  the  basilar  membrane  and  hence  of  the  individual  hair  cells. 

Variations  in  the  quality  of  sound,  such  as  are  produced  when  an 
oboe,  a  cornet  and  a  violin  play  the  same  note,  depend  upon  the  number 
and  kinds  of  overtones  or  harmonics  present,  which  stimulate  different 
hair  cells  in  addition  to  the  main  stimulation  common  to  all  three;  thus, 
differences  in  quality  are  recognized  by  the  pattern  of  the  hair  cells 
stimulated.  Careful  histological  work  has  shown  that  the  nerve  fibers 
from  each  particular  part  of  the  cochlea  go  to  a  particular  part  of  the 
auditory  area  of  the  brain,  so  that  certain  brain  cells  are  responsible  for 

sensations  of  high  tones,  others  for  low  tones. 

The  human  ear  is  equipped  to  register  sounds  of  frequencies  between 
about  20  and  20,000  cycles  per  second,  although  there  are  great  indi¬ 
vidual  differences.  Some  animals— dogs,  for  example— can  hear  sounds 
of  much  higher  frequencies.  The  human  ear  is  more  sensitive  to  sounds 
between  1000  and  2000  cycles  per  second  than  to  higher  or  lower  ones 
Within  this  range  the  ear  is  extremely  sensitive;  in  fact,  when  contrasted 
with  the  power  of  light  waves  necessary  to  produce  a  sensation,  the  ea 

is  ten  times  more  sensitive  than  the  eye.  ... 

The  normal  human  ear  is  just  about  as  efficient  a  hearing  dev.ce  a 
anything  could  possibly  be,  for,  like  the  eye,  .thasevoWedtohepom 
where  any  further  increase  in  sensitmty  would  be  useless.  If  t  wer 
more*  sensitive,  it  would  pick  up  the  random  movement  of  he  a.r 
molecules  which  would  result  in  a  constant  hiss  or  buzzing.  If  t 

were  mor^  sensitive,  a  steady  light  would  ini- 

eye  would  be  sensitive  to  the  individual  photons  (light  particl  ) 


P*  Tdiprp°ts  little  fatigue  connected  with  hearing.  Even  though  it  is  con¬ 
stantly  assailed  by  noises,  the  ear  retains  its  acuity  and  h.t.gue  ^ 


stantly  assailed  oy  noises,  —  stimulated  for  some  time 

pears  after  a  few  minutes.  When  one  ear  acuity_jndicat- 

by  a  loud  noise,  the  other  ear  also  shows  fatigue-loses  acuity 


Most  human  speech  sounds  lie  between  *00  and  0000  cycles. 
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ing,  not  unexpectedly,  that  some  of  the  fatigue  is  in  the  brain  rather 

than  in  the  ear  itself.  .  ,  ., 

Deafness  may  be  caused  by  injuries  or  malformations  of  either  the 

sound-transmitting  mechanisms  of  the  outer,  middle  or  inner  ears,  or 
of  the  sound-perceiving  mechanism  of  the  latter.  The  external  ear  may 
become  obstructed  by  wax  secreted  by  the  glands  in  its  wall;  the  mi  e 
ear  bones  may  become  fused  after  an  infection;  or,  more  rarely,  the  inner 
ear  or  auditory  nerve  may  be  injured  by  a  local  inflammation  or  the 
fever  accompanying  some  disease. 

Relatively  few  animals  have  a  sense  of  hearing.  The  vertebrate  ear 
began  as  an  organ  of  equilibrium,  the  cochlea  being  a  later  evolutionary 


Fig.  139.  The  right  semicircular  canals  and  cochlea  of  an  adult  man,  dissected  free  of  the 
surrounding  bone  and  enlarged  five  times,  as  seen  from  the  inner  and  posterior  side.  Note 
that  each  of  the  three  semicircular  canals  is  perpendicular  to  the  other  two.  (After  Spalte- 
holz,  in  Maximow  and  Bloom.) 


outgrowth  of  the  saccule  which  reaches  full  development  only  in  mam¬ 
mals.  The  human  ear  is  indeed  a  curious  evolutionary  hodgepodge:  the 
cells  sensitive  to  sound  are  apparently  adaptations  of  cells  sensitive 
to  the  motion  of  liquids;  the  middle  ear  and  eustachian  tube  were 
originally  part  of  the  respiratory  apparatus  of  fish;  the  stirrup  was 
originally  a  structure  which  attached  the  jaws  of  primitive  fishes  to  the 
cranium,  and  the  hammer  and  anvil  are  the  remnants  of  the  lower  and 
upper  jaws  respectively,  of  our  ancestral  fish.  In  the  jawless  fish  an- 
CCS  r.il  to  these  the  structures  were  part  of  the  support  for  the  gills 

S  hearing  ThU  °rgans  became’ first’  eati"g  organs,  and  then  organs 
evolntln  ,nTh  L  M  eXam?le  of  one  of  the  fundamental  patterns  of 

than  the 7e»w  P,fng  °  °rgans  t0  perform  new  factions,  rather 
than  the  setting  up  of  completely  new  structures. 
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Equilibrium.  Besides  the  cochlea,  the  labyrinth  of  the  inner  ear  con¬ 
sists  of  two  small  sacs — the  saccule  and  utricle — and  three  semicircular 
canals  (Fig.  139).  These  structures  are  filled  with  endolymph  and  float 
in  a  pool  of  perilymph.  Destruction  of  them  causes  a  considerable  loss 
of  the  sense  of  equilibrium,  and  a  pigeon  whose  organs  have  been  de¬ 
stroyed  is  unable  to  fly.  In  time  he  can  relearn  to  maintain  equilibrium 
using  visual  stimuli. 

Equilibrium  in  man  depends  upon  the  sense  of  vision,  stimuli  from 
the  proprioceptors,  and  stimuli  from  cells  sensitive  to  pressure  in  the 
soles  of  the  feet,  as  well  as  upon  stimuli  from  these  organs  in  the  inner 
ear.  In  certain  types  of  deafness  the  equilibrium  organs  of  the  inner  ear 
as  well  as  the  cochlea  are  inoperative,  yet  the  sense  of  equilibrium 
remains  unimpaired. 

The  utricle  and  saccule  are  small,  hollow  sacs  lined  with  sensitive  hair 
cells  and  containing  small  ear  stones  or  otoliths  made  of  calcium  car¬ 
bonate.  Normally,  the  pull  of  gravity  causes  the  otoliths  to  press  against 
particular  hair  cells,  stimulating  them  to  initiate  impulses  to  the  brain 
via  sensory  nerve  fibers  at  their  bases.  When  the  head  is  tipped,  the 
otoliths  press  upon  the  hairs  of  other  cells  and  stimulate  them. 

Many  invertebrates  such  as  the  crayfish  and  lobster  have  similar 
organs.  An  ingenious  experiment  was  performed  to  demonstrate  the 
action  of  these  organs  in  the  crayfish;  it  depended  on  the  fact  that  as 
the  crayfish  moults— sheds  its  skin  and  grows  another,  larger  one— it 
also  develops  new  organs  of  equilibrium  and  supplies  them  with  grains 
of  sand  picked  up  from  the  environment.  By  supplying  the  moulting 
crayfish  with  particles  of  iron,  the  experimenters  caused  the  animals 
to  respond  to  a  magnet.  When  the  magnet  was  placed  directly  over  the 
animal,  pulling  the  iron  filing  against  the  hair  cells  on  the  top  ^ot  its 
equilibrium  organ,  the  crayfish  thought  that  “up  was  down  and 
responded  by  turning  over  and  swimming  on  its  back. 

The  labyrinth  of  each  ear  has  three  semicircular  canals,  each  ot  which 
consists  of  a  semicircular  tube  connected  at  both  ends  to  the  utnc  e. 
The  canals  are  so  arranged  that  each  is  at  right  angles  to  the  other  twa 
At  one  of  the  openings  of  each  canal  into  the  utricle  is  a  small  bulbl  ke 
enlargement  containing  a  clump  of  hair  cells  similar  to  those  in  the 
utricle  and  saccule,  but  lacking  otoliths.  These  cels  are  .  undated  by 
movements  of  the  fluid  (endolymph)  which  fills  heCa“('  JL;  *e 
head  is  turned,  there  is  a  lag  in  the  movement  of  the  flu  vu  hm  the 
canals,  so  that  the  hair  cells  in  effect  move  m  relation  to  the  fl  u.d,  an 
are  stimulated  by  its  flow.  This  stimulation  produces  not  only  the  c 
Z—  o!  rotation,  but  certain  reflex  movements  in  response^. 

the  fluid  in  at  least  one  of  the  canals.  By  irrigating  ne  c 
‘uter  ear  with  warm 

ZrieZZTS  rotation  and  dizziness ^ 
SrttAW  ^to^paralle,  to  the 
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u  to- «™  »*»»«"  '“r":  i-srscsr 

of  nausea  and  the  vomiting  of  sea  or  motion  siekn  ■  j 

the  movement  stimulates  the  semicircular  canals  in  a  different  "ay, 

nausea  is  less  likely  to  occur. 


QUESTIONS 

1:  -  «*>» «-  ot  h0'v 
light  rays  stimulate  the  receptors. 

3.  Explain  the  role  of  visual  purple  in  sight. 

4  What  causes  myopia?  hypermetropia?  astigmatism. 

5.  Explain  how  the  eye  is  regulated  for  near  and  far  vision  and  for  seeing  in  bright  and 

^6.  Draw  a  diagram  of  the  ear,  labeling  all  the  parts.  Explain  the  mechanics  of  how  sound 

waves  stimulate  the  sensory  cells  of  the  ear. 

7  What  are  otoliths,  and  what  is  their  role  in  maintaining  equilibrium.’' 

8.  The  philosopher  Berkeley,  as  well  as  many  others,  believed  that  there  is  no  materia 
.world  independent  of  our  sense  perceptions,  but  that  what  we  call  perceptions  of  the  externa 
world  are  really  ideas  transferred  from  God’s  mind  to  our  own.  Do  you  think  there  are  any 
facts  in  this  chapter  which  absolutely  disprove  this  theory?  If  you  decide  there  are  not,  can 

you  think  of  any  other  facts  which  disprove  it? 

9  I)o  you  think  there  is  justification  for  the  often-repeated  statement  that  one  person  s 
taste  is  as  good  as  another’s?  If  not,  what  do  you  think  is  or  should  be  the  basis  for  esthetic 
judgement?  Could  there  be  such  standards  completely  independent  of  the  human  race.'  of 
any  conscious,  perceptive  organisms? 
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CHAPTER  18 


THE  ENDOCRINE  SYSTEM 


THE  human  body  is  equipped  with  two  main  sets  of  controls  which 
regulate  the  activities  of  the  whole  organism.  One  of  these  is  the 
nervous  system;  the  other  is  a  group  of  hormone-secreting  glands,  col¬ 
lectively  called  the  endocrine  system.  The  basic  difference  between 
nervous  and  hormonal  control  is  in  the  speed  with  which  they  effect 
changes.  By  means  of  the  nervous  system  an  organ  can  undergo  ex¬ 
tremely  rapid  adaptation  to  changes  in  the  environment.  In  contrast, 
hormonal  regulation  is  much  slower,  but  longer  lasting.  You  are  already 
familiar  with  a  typical  example  of  its  effects,  from  the  discussion  of  the 
stimulation  of  the  flow  of  pancreatic  juice  from  the  pancreas  by  the 
hormone  secretin,  manufactured  by  cells  in  the  lining  of  the  intestine 
(see  p.  210) . 

The  endocrine  glands  are  distinguished  by  the  fact  that  they  secrete 
substances  into  the  blood  stream,  rather  than  into  a  duct  leading  to 
the  outside  of  the  body  or  to  one  of  the  internal  organs.  For  this  reason 
they  are  sometimes  referred  to  as  ductless  glands  or  glands  of  internal 
secretion.  Some  glands — the  thyroid,  parathyroids,  pituitary  and  ad¬ 
renals — function  only  in  the  secretion  of  hormones  and  are  strictly  duct¬ 
less  glands.  Others,  such  as  the  pancreas,  ovaries  and  testes,  have  both 
external  secretions,  via  ducts,  and  internal  secretions,  carried  by  the 
blood  stream.  The  pancreas,  which  is  really  two  functionally  separate 
organs  combined  in  the  same  structure,  produces  digestive  enzymes  as 
well  as  a  hormone.  In  some  of  the  lower  animals  the  two  parts  of  the 


pancreas  are  anatomically  separate. 

Hormones  cannot  be  defined  as  belonging  to  any  particular  class  of 
chemicals.  All  hormones  are  organic  substances,  but  some  are  proteins, 
while  others  are  much  simpler  chemicals,  such  as  amino  acids  or  steroids. 
The  distinguishing  factor  about  them  all  is  that  they  are  secreted  by 
cells  in  one  part  of  the  body  and  carried  by  the  blood  stream  to  some 
other  part  where  they  regulate  the  activities  of  the  cells.  All  the  hor¬ 
mones,  and  of  course  the  glands  secreting  them,  are  necessary  for  the 
normal  functioning  of  the  body;  a  deficiency  or  an  oversecretion  of  any 
one  produces  a  characteristic  pathological  condition.  These  are  fre¬ 
quently  called  functional  diseases  to  distinguish  them  from  deficiency 
diseases  caused  by  the  lack  of  vitamins,  and  from  infectious  diseases, 
caused  by  the  presence  of  some  infective  agent  such  as  a  bactenu  . 

Practical  knowledge  of  endocrinology— exemplified  by  the  castration 
of  both  men  and  amma.s-has  existed  for  several  thousand  years  bu 
modern  endocrinology  usually  is  said  to  date  from  1889.  At  that  t  m 
the  famous  French  scientist  Brown-Sequard,  feeling :  o d  and I  deb  litate  . 
injected  himself  with  testicular  extracts  and  claimed  that  « 

were  beneficial  and  rejuvenating.  It  is  uncertain  whether  the  extracts 
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hn!uR'»|40’  rhe  ®Pproxi“ate  loc»tion3  of  tl,e  endocrine  glands  in  man.  Although  the  pineal 

y  are  ,iui  —  -  — - 


310 


The  Organization  of  the  Body 


he  used  had  any  effect  other  than  a  psychological  one,  but  his  claims 
stimulated  a  great  deal  of  research.  Since  then,  experiments  on  the  na¬ 
ture  and  function  of  hormones  have  shown  that  to  a  large  extent  what 
we  are  physically,  mentally  and  emotionally  depends  upon  the  action 
of  our  endocrine  glands.  Figure  140  shows  the  location  of  the  glands  of 
the  human  body  known  to  secrete  hormones. 

Because  extremely  small  quantities  of  a  hormone  produce  marked 
effects,  only  small  amounts  are  secreted  at  any  one  time.  This  makes 
the  isolation  of  a  pure  hormone  difficult.  In  order  to  obtain  a  few 
milligrams  of  pure  female  sex  hormone,  an  extract  had  to  be  made  of 
over  two  tons  of  pig  ovaries! 


I.  THE  THYROID  GLANDS 


All  vertebrates,  from  the  lowest  fish  to  man,  have  a  pair  of  glands 
called  the  thyroids,  located  in  the  neck.  In  man  the  two  glands  are  joined 
by  a  narrow  isthmus  of  tissue  which  passes  across  the  front  of  the 
trachea,  immediately  below  the  larynx.  Embryologically,  the  thyroids 
develop  as  outgrowths  of  the  floor  of  the  pharynx,  but  by  the  time  a 
human  embryo  is  %  inch  long,  this  connection  has  been  lost,  and  the 
glands  exist  as  independent  structures.  Examined  microscopically,  the 
thyroid  is  seen  to  consist  of  groups  of  cuboidal  epithelial  cells,  arranged 
in  hollow  spheres,  one  cell  thick.  Each  cavity  of  the  spheres  contains  the 
secretion  of  the  cells,  thus  acting  as  a  storehouse. 


The  hormone  secreted  by  the  cells  is  a  protein  called  thyroglobulin. 
All  the  amino  acids  except  one  may  be  split  off  from  this  substance, 
leaving  an  active  chemical,  called  thyroxine,  which  has  all  the  physio¬ 
logical  properties  of  thyroglobulin.  Thyroxine  is  a  single  amino  acid  con¬ 
taining,  among  other  things,  four  atoms  of  iodine  per  molecule.  It  was 
synthesized  artificially  in  1927,  and  much  of  the  material  administered 
to  patients  today  is  synthetic  thyroxine.  If  two  of  its  four  iodine  atoms 
are  removed,  the  activity  of  the  substance  is  greatly  decreased,  and  it 
all  four  iodine  atoms  are  removed,  activity  is  completely  lost. 

rru„  pflWh  of  t.hvroxine  is  to  speed  up  the  rate  ot 


more  heat  than  it  normally  does.  V 
quate,  the  basal  metabolic  rate  fa 
per  day,  or  between  30  to  50  per  < 
to  see  why  thyroxine  is  essential 
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waxy  and  puffy,  owing  to  the  deposition  of  mucus  fluid  in  the  subcu¬ 
taneous  tissues,  and  usually  the  hair  falls  out  (Fig.  141)  .  yxe  ema 
responds  well  to  the  administration  of  thyroxine  or  dried  thyroid  gland. 
Since  thyroxine  is  not  digested  appreciably  by  the  digestive  juices,  it  can 

be  given  by  mouth. 

Myxedema  is  caused  by  an  underactivity  or  degeneration  ol  the 
thyroid  gland  itself.  Another  type  of  hypothyroidism  results  when  the 
diet  contains  insufficient  iodine  to  make  up  the  thyroxine  requirement. 
In  such  a  case  the  gland  itself  tends  to  compensate  for  the  insufficiency 
by  increasing  in  size.  The  resulting  enlargement,  known  as  a  simple 
goiter,  may  be  a  small  swelling,  barely  detectable  by  touching  the  neck, 


tig.  141.  Myxedema.  A,  A\oman  who  had  had  myxedema  within  the  previous  seven 
years.  Note  the  puffy  features  and  coarse,  dry  hair.  She  was  rather  obese  (had  gained  40 
pounds  in  the  seven  years)  and  moved  slowly  and  clumsily.  B,  After  six  months  of  treat¬ 
ment  with  dried  thyroid  substance  the  patient  had  lost  23  pounds  without  dieting-  her  skin 
and  hair  were  less  dry.  (Courtesy  of  Drs.  II.  Lisser  and  R.  F.  Escamilla.) 


or  a  large,  disfiguring  mass,  weighing  several  pounds  (Fig.  142) .  The 
symptoms  accompanying  the  goiter  resemble  those  of  myxedema,  but  are 
much  milder.  This  type  of  goiter  occurs  in  areas  where  the  soil  lacks 
iodine,  or  in  regions  remote  from  the  sea  where  seafood  (which  is  rich 
m  iodine)  is  unobtainable.  The  incidence  of  this  type  of  goiter  has  been 
greatly  reduced  by  modern  packing  and  shipping  methods  which  permit 
the  transport  of  seafood  to  all  parts  of  the  country,  and  by  the  addition 
ot  iodine  (as  potassium  iodide)  to  table  salt.  The  efficacy  of  this  pre¬ 
ventive  measure  was  demonstrated  in  Detroit,  where  in  seven  years 

percent  ^  “  SC''°o1  ehildren  was  reduced  from  36 'to  2 

Hypothyroidism  which  is  present  from  birth  is  known  as  cretinism. 


312 


The  Organization  of  the  Body 

Children  suffering  from  the  disease  are  dwarfs  of  low  intelligence  who 
never  mature  sexually  (Fig.  143) .  If  treatment  is  begun  early,  normal 
growth  and  mental  development  can  be  effected. 

Any  type  of  hypothyroidism  may  produce  unfortunate  alterations  in 
personality,  typically  a  state  of  depression  and  dissatisfaction  with  life. 
In  extreme  cases  a  real  psychotic  condition,  indistinguishable  from 
dementia  praecox,  may  result. 

Hyperthyroidism  results  either  from  the  overactivity  of  a  normal¬ 
sized  gland  or  from  an  increase  in  the  size  of  the  gland  itself.  In  both 
cases  the  basic  metabolic  rate  increases  to  as  much  as  twice  the  normal 
amount,  producing  symptoms  exactly  the  opposite  of  those  caused  by  a 
subnormal  metabolic  rate.  The  excessively  rapid  heat  production  causes 
the  hyperthyroid  to  feel  uncomfortably  warm,  and  to  perspire  profusely. 


Fig.  142 


.  A  simple  goiter,  caused  by  insufficient  iodine  in  the  diet. 

Aspects  of  Thyroid  Disease.) 


(Crile,  G.,  Jr.:  Practical 


Because  the  food  he  eats  is  used  up  quickly,  he  tends  to  lose  weight  even 
on  a  high  caloric  diet.  High  blood  pressure,  nervous  tens.on  and  ur  t 
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the  synthesis  of  thyroxine.  Another  method  of  treatment,  still  in  the 
experimental  stage,  is  the  injection  of  radioactive  iodine.  Since  the 
thyroid  accumulates  iodine,  the  rays  given  off  by  it  are  concentrated  in 
the  tissue  of  the  gland  and  destroy  the  cells. 

In  those  vertebrates  which  undergo  a  change  from  larval  to  adult 
form  the  thyroid  hormone  controls  the  alteration.  In  frogs,  for  example, 
the  metamorphosis  of  the  tadpole  into  an  adult  frog  is  regulated  by  the 
thyroid,  and  if  the  gland  is  removed  surgically,  the  young  tadpole  never 
develops  into  an  adult.  But  young  tadpoles  which  are  placed  in  pond- 


Fig.  143.  A  cretin,  aged  3%  years.  Note  the  protruding  tongue,  bulging  abdomen,  wrinkled 
skm  and  deformed  bones.  (Courtesy  of  Dr.  E.  Perry  McCullagh.) 

water  containing  small  amounts  of  thyroxine,  undergo  a  precocious 
Size  oTarPlargSe  fly  °P  C°mplete'y  adult  frogs,  the 

II.  THE  PARATHYROID  GLANDS 

part  and  two  in  the  lower  part  of  the  thyroidf  but  iheTe  ma^  be 
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or  more  than  this  number.  Although  the  parathyroids  are  located  on  or 
within  the  thyroids,  they  have  a  completely  independent  function  and  a 
different  microscopic  appearance.  The  parathyroid  cells  are  in  a  compact 
mass  quite  different  from  the  hollow,  spherical  arrangement  of  cells  in 
the  thyroid.  Like  that  gland,  they  originate  embryologically  from  out¬ 
growths  of  the  pharynx  and  are  evolutionary  remnants  of  the  gill 
pouches  of  fish. 

The  secretion  of  the  parathyroids,  known  as  parathyrin,  is  essential 
for  life,  and  unless  it  is  injected,  an  animal  whose  glands  have  been 
removed  surgically  will  die  in  about  a  week.  In  some  of  the  early 
operations  on  human  goiter  the  parathyroids  were  removed  along  with 
the  thyroid,  and  death  invariably  followed  shortly  after.  At  first  it  was 


Fig  ,44.  A  woman  with  exophthalmic  .oiler.  Note  the  ^  ^ 

(Courtesy  of  Surgery,  Gynecology  and  Obstetrics.) 


believed  that  death  was  due  to  the  removal  of  the  thyroid,  but  it  is  now 

known  that  removal  of  the  thyroi  is  no  a  •  suffers  muscular 

When  the  parathyroids  are  removed,  the  which>  in  a 

tremors,  cramps  and  convulsions  in  respo  ^  twitch.  This  con- 
normal  animal,  produce  no  response  °  •  .  abibty  of  muscles  and 

dition,  called  tetany,  is  due  to  the  blood  and 

nerves,  caused  by  a  decrease  m  e  ^  parathyroidectomized 

tissue  fluids.  The  calcium  content  of  the ^blood  ^  of  a  calcium 

animal  falls  to  about  half  t  e  norma  ,  •  tetanic  convulsions,  the  con- 
salt  is  injected  into  a  vein  of  an— lm  “.Cons  can  be  prevented 

vulsions  cease  within  a  minu  e  ,  calcium  The  amount  of  phos- 

X™  decreases  and  is  deereased 
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by  the  injection  of  parathyrin.  The  basic  function,  then  of  the  parathy¬ 
roid  hormone  is  to  regulate  the  calcium  and  phosphorus  content  ot  the 
blood  and  tissue  fluids,  although  how  it  operates  .s  unknown.  Appar 
rently,  part  of  its  action  involves  regulating  the  rate  of  calcium  abso  p 

tion  from  the  digestive  tract,  and  its  subsequent  rate.of  <j“re[  . d 

Parathyroid  deficiency  is  rare  in  man,  although  occasionally  the  glands 
are  removed  accidentally  during  an  operation  on  the  thyroid,  an“ 
times  they  degenerate  as  the  result  of  an  infection.  If  thedefic  y 
is  mild,  tetany  occurs  only  during  excessive  strain,  as  in  childbirth,  a 
is  treated,  like  the  more  severe  condition,  by  giving  parathyrin  o 
calcium,  or  both. 

Hyperfunction  of  the  parathyroids  is  brought  about  by  tumors  or 
enlargements  of  the  glands,  and  is  characterized  by  a  high  blood  calcium 
level.  Since  the  calcium  comes,  at  least  partly,  from  the  bones,  hyper¬ 
parathyroidism  is  characterized  by  soft  bones  which  are  easily  bent  and 
fractured.  The  muscles  are  less  irritable  than  normally,  and  may  become 
atrophied  and  painful.  As  the  level  of  calcium  in  the  blood  increases, 
the  mineral  is  deposited  in  abnormal  places,  such  as  the  kidney.  1  he 
disease  can  be  treated  by  removing  the  excess  parathyroid  tissue  sur¬ 


gically,  or  by  destroying  it  with  x-rays. 

Parathyrin  has  not  been  isolated  in  a  pure  state,  and  its  chemistry 
is  unknown,  although  the  active  hormone  is  believed  to  be  a  protein. 
It  is  inactivated  by  the  digestive  juices,  and  so  cannot  be  administered 
by  mouth. 


III.  THE  ISLET  CELLS  OF  T1IE  PANCREAS 

In  addition  to  the  cells  which  secrete  the  digestive  enzymes,  the  pan¬ 
creas  contains  clusters  or  islets  of  cells  which  look  and  stain  differently 
and  have  no  associated  ducts.  The  existence  of  these  cells  was  recognized 
for  a  long  time  before  their  function  was  understood. 

In  1886  two  German  investigators,  Minkowski  and  von  Mehring,  were 
studying  the  role  of  the  pancreas  in  digestion  by  removing  the  gland 
surgically  from  dogs  and  noting  the  digestive  disturbances  which  oc¬ 
curred.  The  caretaker  in  charge  of  the  animals  noticed  that  their  urine 
attracted  swarms  of  flies  to  the  cages.  Upon  analysis,  large  amounts  of 
sugar  were  found  in  the  urine,  and  the  resemblance  to  diabetes  was 
recognized.  This  disease  had  been  known  since  the  first  century  A.D., 
but  its  cause  was  unknown,  and  no  treatment  was  effective.  A  short  time 
before  Minkowski  and  von  Mehring  performed  their  experiments,  the 
cure  for  myxedema— the  feeding  of  the  thyroid  gland— had  been  dis¬ 
covered,  and  it  was  hoped  that  a  similar  feeding  of  pancreas,  or  the 
injection  of  pancreatic  extracts,  would  cure  diabetes.  After  1892,  when 
the  discoveries  were  published,  many  scientists  tried  to  prepare  effective 
extracts  of  pancreas,  but  none  of  the  preparations  was  very  good,  and 
many  were  toxic.  The  difficulty  was  that  the  digestive  enzymes  of  the 
pancreas  destroyed  the  hormone  before  it  could  be  extracted  and  puri¬ 
fied.  Finally,  in  1922,  two  Canadians,  Banting  and  Best,  obtained  an 
active  substance  by  making  extracts  from  pancreases  of  which  the  ducts 
had  been  tied  for  several  weeks,  so  that  the  enzyme-producing  cells  had 
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degenerated.  Since  the  islet  cells  develop  before  the  enzyme-producing 
cells  in  embryonic  animals,  they  were  also  able  to  obtain  active  extracts 
from  that  source.  Since  January,  1922,  when  the  extracts  were  first  used 
in  the  treatment  of  human  diabetes,  insulin,  the  name  they  gave  to  the 
substance  extracted  from  the  islet  cells,  has  added  years  of  life  to  mil¬ 
lions  of  diabetics.  Since  the  work  of  Banting  and  Best,  methods  have  been 
worked  out  for  extracting  insulin  from  ordinary  beef  and  hog  pancreas, 
obtainable  at  the  slaughterhouse.  Today  the  amino  acid  content  of  this 
protein  is  almost  completely  known,  and  the  substance  has  been  crys¬ 
tallized  in  the  laboratory. 

Because  insulin  is  a  protein,  it  would  be  destroyed  by  the  digestive 
juices,  if  taken  orally,  and  so  must  be  injected.  Ordinary  insulin  must 
be  taken  several  times  a  day  to  maintain  the  proper  level  in  the  blood, 
but  recently,  a  slightly  different  material,  protamine  zinc  insulin,  has 
been  developed,  which  is  absorbed  from  the  site  of  injection  more 
slowly,  and  for  most  patients  one  injection  a  day  is  sufficient. 

The  primary  function  of  insulin  is  to  control  the  metabolism  of  glu¬ 
cose.  It  is  necessary  for  the  storage  of  glucose  as  glycogen  in  the  liver, 
and  for  the  oxidation  of  glucose  to  yield  energy.  In  persons  suffering 
from  diabetes  mellitus  these  functions  are  interfered  with,  and  a  host 
of  other  metabolic  processes  are  affected  secondarily.  Typically,  a  great 
deal  of  urine  is  excreted,  leaving  the  patient  dehydrated  and  thirsty. 
A  high  concentration  of  sugar  occurs  in  the  blood  and  urine,  and  there 
is  a  steady  loss  of  weight  with  increasing  weakness,  until  at  last  the 
patient  becomes  comatose  and  dies.  In  spite  of  the  excess  glucose  in 
the  blood,  the  amount  of  glycogen  in  the  liver  decreases,  because  the 
tissues,  unable  to  utilize  glucose  normally,  are  forced  to  use  fats  and 
proteins  instead.  The  increased  oxidation  of  fats  causes  an  accumulation 
of  incompletely  oxidized  fatty  acids,  known  as  ketone  bodies,  which  are 
toxic.  These  substances  are  volatile  and  have  a  sweetish  smell,  which 
aives  to  the  breath  of  diabetics  its  peculiar,  characteristic  odor.  The 
amino  acids  from  the  proteins  of  the  body  are  converted  to  glucose,  and 
this  also  is  excreted.  If  carbohydrates  are  eliminated  from  the  diet,  the 
patient  still  excretes  glucose,  which  comes  from  this  breakdown  and 

transformation  of  proteins.  ,  ,  ,  . 

Diabetes  is  fatal  because  of  the  toxicity  of  the  accumulated  ketone 

bodies,  and  the  continuous  loss  of  weight.  The  injection  of  insulin 
alleviates  all  the  diabetic  symptoms:  the  patient  is  enabled  to  ut 
carbohydrates  normally,  and  the  other  symptoms  disappear.  The  action 
of  insulin  persists  for  a  short  time  only,  however  which  is  the  icaso 
why  repeated  injections  are  necessary •  one 


cure  diabetes,  since  the  pancreas  does  not  begin  secreting  its  hormone 
again,  but  continued  injection^  of 


symptoms  and  enable  the  diabetic  to  lead  a  normal  life.  The  funda¬ 
mental  reason  why  the  pancreas  stops  secretmg  adequate  amounts 


[  Wily  LIlv;  uanvi  ~  ~  I —  ^ 

insulin  is  not  known,  but  there  appears  to  be  a  hereddary  bas«  or 


sugar  level  falls  drasUco i  y  am  ^  ^  normal  functioning;  if 

brain  require  a  certain  level  or  g  .  ..  ,  i. _ i  ^„,„iicinns. 


this  level  is  not 


maintained,  they  become  overirritable,  and  convulsions, 
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unconsciousness  and  death  may  follow.  There  are  rare  cases  of  enlarged 
pancreases  due  to  tumors,  which  produce  so  much  insulin  that  the  pa¬ 
tients  suffer  from  recurring  attacks  of  convulsions  and  unconsciousness. 
These  can  be  relieved  by  eating  candy,  but  the  condition  is  cured  on  y 
by  the  surgical  removal  of  part  of  the  pancreas. 


IV.  THE  ADRENAL  GLANDS 

Over  the  upper  end  of  each  kidney  lies  one  of  a  pair  of  small  glands, 
the  adrenals.  The  two  glands  together  weigh  less  than  half  an  ounce, 
but  they  are  richly  supplied  with  blood  vessels.  Actually,  the  adrenal 
is  a  combination  of  two  entirely  independent  glands:  a  dark  brown 
central  core,  the  medulla,  and  a  pale  pink,  outer  coat,  the  cortex.  The 
two  parts  have  quite  different  embryonic  origins  and  cellular  structures, 
and  secrete  dissimilar  hormones.  It  just  happens  that,  in  man  and  other 
mammals,  the  two  glands  lie  together;  in  some  of  the  lower  vertebrates 
the  cells  corresponding  to  the  medulla  and  cortex  are  anatomically 
separate. 

1.  The  Adrenal  Medulla.  The  cells  of  the  central  core  of  the  adrenal 
gland  are  derived  embryologically  from  the  same  source  as  the  nervous 
system,  and  in  structure  resemble  nerve  cells.  The  secretion  of  the 
medulla,  epinephrine,  is  similar  in  its  effects  to  sympathin,  secreted  by 
the  tips  of  certain  nerve  cells  (p.  270).  Epinephrine,  also  known  as 
adrenin  and  adrenalin,  is  probably  the  simplest  hormone  chemically  (its 
formula  is  C9II13O3N),  and  is  now  made  synthetically. 

The  physiological  effects  of  an  injection  of  epinephrine  are  marked 
and  varied.  The  hormone  causes  a  rise  in  blood  pressure,  an  increase  in 
the  heart  rate,  an  increase  in  the  glucose  content  of  the  blood,  a  decrease 
in  the  glycogen  content  of  the  liver,  and  an  increase  in  the  rate  of  blood 
coagulation.  In  addition,  the  skin  becomes  pale,  because  of  the  contrac¬ 
tion  of  the  arteries  serving  them,  the  pupils  dilate,  and  the  muscles 
which  erect  the  hairs  contract,  producing  gooseflesh.  All  these  effects 
can  be  produced  by  stimulating  the  sympathetic  nervous  system. 

The  adrenal  medulla  is  not  essential  for  life;  it  can  be  removed  sur¬ 
gically  without  interfering  in  any  way  with  the  normal  functioning  of 
the  body.  Ordinarily,  the  gland  secretes  a  small  amount  of  epinephrine 
continuously,  the  rate  being  controlled  by  the  nervous  system.  It  is  the 
only  hormone  whose  secretion  is  affected  by  nervous  stimulation. 

Some  investigators  believe  that  epinephrine  is  secreted  during  emer¬ 
gencies  to  coordinate  the  activities  of  the  various  parts  of  the  body  for 
fighting  or  escaping.  Indeed,  the  various  effects  of  epinephrine  would 
enable  the  animal  to  fight  more  effectively;  but  whether  the  medulla 
actually  secretes  enough  of  the  hormone  during  an  emergency  to  pro¬ 
duce  this  result  is  still  open  to  question.  Adrenalin  is  widely  used  as  a 
rug  in  treating  asthma,  in  increasing  blood  pressure,  and  in  starting  the 
heart  beat  that  has  been  stopped  by  electric  shock. 

thnn  !lhe  Adr.e"°l  Cor'ex'  The  adrenal  cortex  is  a  more  complex  gland 

lyers  andt1'!,’  „  s,™ctl,rall-v’  it  is  made  of  three  distinct 

mones.  funct,onally’  slnce  *  secretes  an  unknown  number  of  hor 

When  the  adrenals 


are  removed  surgically  from  an  experimental  ani 
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null,  the  blood  undergoes  profound  changes:  the  concentration  of  sodium 
and  chloride  decreases,  the  potassium  concentration  rises,  and  there  is 
a  loss  of  water  resulting  in  a  diminished  blood  volume,  and  hence  a 
lowering  of  the  blood  pressure.  Changes  in  carbohydrate  metabolism 
also  follow  the  removal  of  the  cortex.  The  tissues  apparently  lose  the 
ability  to  convert  proteins  into  carbohydrates  for  oxidation.  After  a 
complete  adrenalectomy,  death  ensues  within  a  few  days. 

The  human  disease  resulting  from  insufficient  secretion  of  the  adrenal 
cortex  was  first  described  in  1855  by  the  English  physician  Addison. 
Addison’s  disease  is  usually  caused  by  a  tubercular  or  syphilitic  infec¬ 
tion  of  the  cortex  which  destroys  its  cells.  It  is  characterized  by  low 
blood  pressure,  muscular  weakness,  digestive  upsets,  and  a  peculiar 
bronzing  of  the  skin  caused  by  the  deposition  of  the  pigment  melanin 
(Fig.  145).  ‘  f 

An  oversecretion  of  the  adrenal  hormones  sometimes  results  Irom 
tumors,  which  may  appear  at  any  age.  In  male  children,  overfunctioning 
of  the  cortex  leads  to  precocious  sexual  maturity,  with  enlargement  of 
the  sex  organs,  and  with  the  muscular  development,  hair  distribution 
and  voice  of  a  mature  man.  Cortical  overfunctioning  in  females  causes 
masculinization — a  beard,  deep  voice,  regression  of  the  ovaries,  uterus 
and  vagina,  and  growth  of  the  clitoris  so  that  it  resembles  a  penis.  These 
conditions  can  sometimes  be  corrected  by  the  surgical  removal  of  the 
adrenal  tumor. 

The  cortical  hormones  are  present  in  the  cortex  in  small  amounts 
only,  and  great  quantities  of  cortical  tissue  must  be  extracted  to  obtain 
a  few  milligrams  of  the  active  substances.  The  first  extracts  to  be  suc¬ 
cessful  in  relieving  adrenalectoniized  animals,  and  people  suffering  from 
Addison’s  disease,  were  made  in  1927.  At  that  time  it  was  thought  that 
perhaps  a  single  hormone  is  secreted  by  the  cortex  and  the  name  cort.n 
was  given  to  the  active  material  in  the  extract.  Much  research  on  the 
chemistry  of  cortin  since  then  has  shown  that  there  are  several  cortica 
hormones  All  those  isolated  so  far  belong  to  the  class  of  chemicals 
known  as  steroids,  to  which  the  male  and  female  sex  hormones  also 

rB 

hormones. 

V  THE  PITUITARY 

In  a  small  depression  on  the  floor  .f^^'by 
hypothalamus  of  the  brain  to  whic  Dituitary.  This  too  is  a 

lies  a  small  gland  about  the  size  of  a  P  . J  {orms  in  the  embryo 

double  gland,  of  which  one  part,  the  .  t  J  ■  (posterior) 

firthe0!::  3^;  When  the  two  P-  meet. 
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the  anterior  lobe  grows  partly  around  the  posterior  one  but  the  two 
lobes  are  distinguishable  microscopically,  even  in  the  adu It.  The  anterior 
lobe  loses  its  connection  with  the  mouth,  but  the  posterior  lobe  retains 
its  connection  with  the  brain.  The  pituitary,  like  the  adrenal,  consists 
of  two  parts  with  quite  ditfereut  functions,  which  simply  happen  to  be 
located  together.  In  the  whale  the  two  parts  are  anatomically  separate. 

3  The  Posterior  Lobe.  Two  potent  extracts  have  been  prepared  from 
the  posterior  lobe  of  the  pituitary.  One,  known  as  pitocm,  causes  in¬ 
creased  strength  of  contraction  of  the  uterine  muscles,  and  is  sometimes 


Fig.  145.  A  woman  with  Addison’s  disease.  Note  the  bronzing  of  the  skin  which  has  occurred 
in  patches.  (Courtesy  of  I)r.  George  W.  Thorn.) 


injected  during  childbirth  if  the  contractions  are  not  sufficiently  vigor¬ 
ous.  Whether  the  posterior  lobe  normally  secretes  pitocin  to  aid  in  child¬ 
birth  is  unknown,  but  animals  can  give  birth  to  their  young  quite  easily 
after  the  posterior  lobe  has  been  removed.  The  other  secretion,  pitressin, 
causes  a  constriction  of  the  small  arteries  of  the  body  and  thus  a  general 
increase  in  blood  pressure.  It  is  believed  that  the  hormone  secreted  by 
the  posterior  lobe  is  a  single  protein  substance  having  both  these  proper¬ 
ties  but  that  in  the  process  of  being  extracted  and  concentrated  it  is 
broken  into  smaller  fragments,  pitocin  and  pitressin,  which  are  not 
proteins,  but  smaller  molecules,  resembling  peptones. 
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Injury  of  the  posterior  lobe  itself,  or  of  the  nerve  tracts  leading 
°  resu^  ln  a  hormonal  deficiency  causing  diabetes  insipidus 

Ihis  disease,  characterized  by  the  failure  of  the  kidney  to  concen¬ 
trate  urine,  results  in  the  patient’s  excreting  as  much  as  10  gallons  of 
urine  daily,  and  hence  suffering  from  excessive  thirst.  Injection  of  pitres- 
sm  does  not  cure  the  disease,  just  as  the  injection  of  insulin  does  not 
cure  diabetes  mellitus,  but  it  does  relieve  all  the  symptoms,  and  by 
repeated  injections  of  pitressin  the  patient  can  live  a  normal  life. 

4.  The  Anterior  Lobe.  A  number  of  different  types  of  cells  are  dis¬ 
tinguishable  in  the  anterior  lobe  of  the  pituitary,  each  of  which  is  be¬ 
lieved  to  produce  a  different  hormone.  Six  clearly  defined  fractions  are 
known  to  be  secreted,  and  there  is  evidence  that  half  a  dozen  more 
may  exist.  All  the  fractions  separated  so  far  are  proteins. 

The  importance  of  the  pituitary  in  the  body’s  economy  is  demon¬ 
strated  by  the  symptoms  which  result  when  the  gland  is  removed  ex¬ 
perimentally.  Young  animals  whose  pituitary  is  removed  immediately 
stop  growing  and  never  reach  sexual  maturity.  If  adults  are  operated 
upon,  both  males  and  females  show  a  regression  of  the  reproductive 
organs,  with  the  accompanying  atrophy  of  both  thyroid  glands  and  the 
adrenal  cortex.  When  pituitary  extracts  are  injected  into  normal  young 
animals,  growth  is  stimulated  and  they  become  giants,  reaching  sexual 
maturity  at  an  early  age.  The  adrenal  cortex,  the  thyroid  and  the  sex 
organs  respond  by  growing  abnormally  large  and  oversecreting. 

The  Growth  Hormone.  Giants  have  been  known  since  the  beginning 
of  history,  but  it  was  not  until  1860  that  excessive  growth  was  cor¬ 
related  with  an  enlargement  of  the  pituitary.  The  first  hormone  from 
this  gland  to  be  discovered  was  the  growth-stimulating  hormone,  finallv 
isolated  as  a  pure  protein  from  extracts  of  beef  pituitary  in  1944.  Thb 
hormone  controls  general  body  growth,  and  especially  the  growth  of 
the  long  bones.  Consequently,  when  the  pituitary  is  overactive  during 
the  growth  period,  there  is  a  general  acceleration  of  the  process,  result¬ 
ing  in  a  very  tall,  though  fairly  well-proportioned  person  (Fig.  147). 
Most  circus  giants  are  of  this  type.  If  the  pituitary  is  underactive  dur¬ 
ing  the  growth  period,  a  small,  normally  proportioned  person,  known 
as  a  midget  (Fig.  146),  is  the  result.  Oversecretion  of  the  growth  hor¬ 
mone  after  normal  growth  has  been  completed,  however,  produces  a 
condition  known  as  acromegaly.  Since  by  this  time  most  of  the  parts  o 
the  bodv  have  lost  their  capacity  for  growth,  only  the  hands,  feet  and 
bones  of  the  face  develop.  The  hands  and  feet  become  grossly  enlarged, 
the  jaws  grow  abnormally  long  and  broad,  and  the  bony  ridges  over 
the  eyes,  and  the  cheekbones  enlarge,  giving  the  acromegalic  a  heavy, 

unpleasant  facial  appearance  (Fig.  148).  _ 

In  1930  a  strain  of  hereditarily  dwarf  mice  was  discovered  m  vhich 

the  dwarfness  was  due  to  the  absence  in  the  P^itary  ?f  the  type  o 
cells  believed  to  secrete  the  growth  hormone.  When  pituitenes 
normal  mice  were  grafted  into  the  dwarf  ones,  they  attained  normal 


size 


The  Gonadotropic  Tlormonee.  In  addition  to  the  growth  hormone  the 
pituitary  produces  two  different  protein  hormones  wh.ch  st.mulate  h 
primary  sex  organs  of  both  sexes,  the  ovaries  of  the  female  and 


Fig.  147.  A  hyperpituitary  giant  posed 
with  two  men  of  normal  height.  The  giant, 
approximately  7  feet,  3  inches  tall,  had  a 
large  pituitary  tumor,  visible  by  x-ray.  He 
also  exhibits  some  of  the  characteristics  of 
acromegaly — note  the  enlarged  lower  jaw 
and  hands.  (Courtesy  of  Dr.  E.  Perrv 
McCullagh.) 


Fig.  146.  A,  Hypopituitary  midget,  4 
feet,  6  inches  tall,  aged  24  years.  Most, 
if  not  all,  of  the  pituitary  hormones  were 
being  secreted  in  insufficient  amounts. 
The  patient  showed  hypothyroidism  (due 
to  lack  of  thyrotropic  hormone)  and  sex¬ 
ual  infantilism  (due  to  lack  of  gonado¬ 
tropic  hormones) .  In  the  absence  of 
suitable  pituitary  extracts,  the  patient 
was  given  testosterone  and  thyroxin.  B, 
After  four  years  of  such  treatment  he 
had  gained  6  inches  in  height.  (Courtesy 
Dr.  E.  Perry  McCullagh.) 
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testes  of  the  male.  Both  are  necessary  for  the  achievement  of  sexual 
maturity  and  for  maintenance  of  the  sexual  functions  in  mature  animals. 
One  of  them,  called  follicle-stimulating  hormone,  or  FSH,  stimulates 
the  development  of  graafian  follicles  in  the  ovaries,  and  the  formation 
of  sperm  by  the  seminiferous  tubules  of  the  testes.  The  other,  called 
luteinizing  hormone,  or  LH,  is  necessary  for  the  release  of  ripe  eggs  from 
the  follicle  and  the  formation  of  male  sex  hormone  by  the  interstitial 
cells  of  the  testes.  The  two  hormones  together  regulate  the  menstrual 
cycle  in  women  and  the  estrus  cycles  of  other  animals.  If  the  pituitary 


Fig  148. — A  case  of  acromegaly.  The  oversecretion  of  the  growth  hormone  of  the  pituitary 
n  the  adult  results  in  an  overgrowth  of  those  parts  of  the  skeleton  which  are  still  able  to 
espond.  Note  the  enlargement  of  the  lower  jaw  and  hands  and  the  thickening  of  the  nose 
ind  ridges  above  the  eyes.  (Turner,  C.  D.:  General  Endocrinology.) 


is  removed  during  pregnancy,  abortion  invariably  follows,  indicating  that 
some  pituitary  hormone,  perhaps  LH,  but  possibly  another  o  , 
essential  for  normal  gestation. 

The  Lactogenic  Hormone.  The  lactogenic  hormone,  now  isolated  ™ 
pure  form  initiates  the  secretion  of  milk  by  the  mammary  glands  if  thej 
have  reached  the  proper  condition  of  development  under  the 
of  the  sex  hormones.  If  the  pituitary  is  removed  , mmed.atdy  after  chiM 
hirlh  the  flow  of  milk  from  the  mammary  glands  ceases.  The  lactogei 
hormone  is  responsible  also  for  much  of  the  maternal  mstmct,  and  male 

•  1  with  it  develop  an  interest  in  the  young,  even  of  an- 

mone,  his  mammary  glands  can  be  made  to  secrete  milk. 
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Other  Pituitary  Hormones.  The  pituitary  controls  most,  if  not  all  of 
the  other  endocrine  glands.  An  adrenocorticotropic  hormone  has  b  en 
isolated  which  is  necessary  for  the  development  and  maintenance  of  the 
normal  structure  and  functioning  of  the  adrenal  cortex,  and  a  'hy  otrop.c 
hormone  is  necessary  for  the  development  and  functioning  of  the  thy¬ 
roid  Both  the  adrenal  cortex  and  thyroid  glands  regress  when  the  pitui¬ 
tary  is  removed,  but  this  regression  can  be  prevented  or  overcome  by 
the  injection  of  these  hormones.  The  pituitary  also  secretes  a  hormone 
with  effects  opposite  to  those  of  insulin,  called  the  anti-insulin  hormone, 
and  a  fat-metabolism  hormone,  which,  among  other  things,  increases 
the  content  of  fat  in  the  liver.  There  is  evidence,  too,  of  the  existence 
of  a  hormone  which  affects  the  parathyroid  glands.  Other,  as  yet  undis¬ 
covered,  hormones  may  be  manufactured  by  the  pituitary;  it  is  difficult 
to  separate  particular  ones  because  all  of  them  are  proteins  which  easily 
lose  their  efficacy  in  the  process  of  being  extracted  and  purified.  Because 
of  its  preeminent  role,  the  pituitary  has  been  called  the  master  control 
of  the  endocrine  system. 


VI.  THE  TESTES 

In  addition  to  cells  which  manufacture  sperm,  the  testes  contain 
endocrine  cells  which  produce  the  male  sex  hormone,  testosterone.  Those 
hormone-secreting  cells,  known  as  interstitial  cells,  arc  located  between 
the  seminiferous  tubules  which  produce  sperm  (Fig.  149).  Testosterone 
stimulates  the  development  of  the  so-called  secondary  male  sex  char¬ 
acters — the  beard,  the  growth  and  distribution  of  hair  on  the  body, 
the  deepened  voice,  the  enlarged  and  stronger  muscles,  and  the  accessory 
sex  structures,  the  prostate  gland,  seminal  vesicles  and  penis.  Castration, 
the  removal  of  the  testes,  prevents  this  stimulation  and  results  in  a 
eunuch,  a  man  with  a  high-pitched  voice  and  beardless  face.  Since 
castration  tends  to  make  an  animal  larger,  fatter  and  more  placid,  it  has 
been  practiced  for  centuries  on  domestic  animals.  The  effects  of  castra¬ 
tion  can  be  reversed  by  the  injection  of  testicular  extracts  or  by  the 
grafting  on  of  testicular  tissue.  Testosterone,  injected  into  a  female, 
causes  many  of  the  secondary  male  sex  characteristics  to  develop. 

Testosterone  belongs  to  a  group  of  chemicals  known  as  the  steroids  (its 
formula  is  Ci9H2802).  The  activity  of  this  hormone  is  commonly 
measured  by  its  ability  to  induce  growth  of  the  comb  in  a  castrate 
chicken  or  capon.  Pure  testosterone  is  extremely  potent:  a  pound  of  it 
would  cause  growth  of  the  comb  in  500,000  capons! 

Evidence  of  the  source  of  the  male  sex  hormone  came  from  a  study 
of  the  condition  in  which  the  testes  fail  to  descend  into  the  scrotal  sac 
but  remain  within  the  abdominal  cavity.  When  this  happens,  the  man 
is  completely  sterile— unable  to  produce  sperm — although  he  usuallv 
has  normal  secondary  sex  characteristics.  When  an  undescended  testis 
is  examined  microscopically,  the  cells  of  the  sperm-forming  tubules  are 
found  to  have  degenerated,  but  the  interstitial  cells  lying  between  them 
are  normal.  For  a  long  time  it  was  not  understood  why  the  sperm-form¬ 
ing  cells  of  the  testis  degenerated  when  the  gland  remained  in  the  bodv 
cavity,  since  it  received  normal  blood  and  nerve  supply.  Then  it  was 
discovered  that  the  sperm-forming  cells  are  particularly  susceptible  to 
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heat  and  require  the  approximately  3  degrees  cooler  temperature  of  the 
scrotal  sac.  The  slightly  higher  temperature  of  the  abdominal  cavity 
destroys  the  sperm-forming  cells,  but  not  the  interstitial,  hormone-se¬ 
creting  cells.  It  is  probable  that  an  attack  of  fever  temporarily  sterilizes 
a  man. 
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Fiff  149  Section  of  a  human  testis  obtained  from  an  operation.  Note  the  seminiferous 
tubules  seen  in  cross  section,  containing  cells  in  various  stages  of  spermatogenesis,  and, 
between  the  tubules,  the  interstitial  cells  which  secrete  the  male  sex  hormone.  (Maximow 

and  Bloom.) 


The  male  sex  hormone  also  determines  sexual  behavior  to  some  extent, 
and  is  partly  responsible  for  the  sex  urge.  Many  animals,  even  when 
castrated  before  reaching  sexual  maturity,  will  pursue  females  and  ex¬ 
hibit  mating  behavior  for  months  after  castration,  although  eventually 
sexual  behavior  decreases. 
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Injection  of  testicular  extracts  and  the  grafting  of  testicular  tissue  into 
human  males  in  the  hope  of  obtaining  a  rejuvenating  effect  have  been 
tried  many  times,  but  it  is  doubtful  if  anything  more  than  a  positive 
psychological  effect  has  ever  been  obtained. 

VII.  THE  OVARIES 

Like  the  testes,  the  ovaries  are  endocrine  glands,  secreting  sex  hor¬ 
mones,  although  their  primary  function  is  usually  considered  to  be  the 
manufacturing  of  eggs  for  reproduction.  The  two  ovaries  are  bean¬ 
shaped  structures,  about  1%  inches  long,  supported  in  the  back  part 
of  the  abdominal  cavity  by  mesenteries.  The  outer  layer  of  each  gland 
is  the  germinal  epithelium,  from  which  the  eggs  develop,  while  the  cen¬ 
tral  part  is  composed  of  connective  tissue  and  blood  vessels.  Just  under 
the  germinal  epithelium  is  a  thick  layer  of  spherical  groups  of  cells,  or 
follicles,  each  enclosing  an  egg  (Fig.  150) .  At  birth,  several  hundred 
thousand  of  these  have  already  originated  from  the  germinal  epithelium. 
Some  degenerate,  but  the  majority  remain  quiescent  until  the  age  of 
puberty,  when  the  process  of  their  growth  and  development  begins. 

Each  month,  one  or  more  of  the  follicles  begins  to  enlarge  and  be¬ 
comes  distended  with  follicular  fluid,  until  it  finally  protrudes  above  the 
surface  of  the  ovary  and  bursts,  releasing  the  egg  cell  contained  in  it. 
This  process  is  known  as  ovulation.  The  released  egg  passes  by  way  of 
a  channel  called  the  oviduct  to  the  uterus.  If  the  egg  meets  and  is  fer¬ 
tilized  by  a  sperm  in  the  upper  part  of  the  oviduct,  it  eventually  be¬ 
comes  imbedded  in  the  uterine  wall  and  begins  to  develop  into  an 
embryo.  If  no  sperm  are  present,  the  egg  degenerates. 

Whether  or  not  fertilization  occurs,  the  follicular  cells  left  after  the 
rupturing  of  the  follicle  in  ovulation  multiply  rapidly  and  fill  the  cavity 
left  by  the  previous  follicle.  Because  these  cells  are  yellow,  the  structure 
is  known  as  the  corpus  luteum  (yellow  body) .  About  the  size  of  a  pea, 
it  projects  from  the  surface  of  the  ovary  and  is  visible  to  the  naked  eye. 
If  fertilization  does  not  occur,  the  corpus  luteum  lasts  about  two  weeks, 
after  which  it  degenerates  and  is  absorbed.  When  fertilization  occurs,  the 
corpus  luteum  enlarges  still  further  and  remains  throughout  the  period 
of  pregnancy. 

The  primary  female  sex  hormone,  estrogen,  is  produced  by  the  cells 
lining  the  cavity  of  each  follicle.  This  substance  is  responsible  for  the 
body  changes  which  occur  in  the  female  at  the  time  of  puberty  or  sexual 
maturity:  the  broadening  of  the  pelvis,  development  of  the  breasts 
growth  of  the  uterus  and  vagina,  growth  of  the  pubic  hair,  change  in  the 
voice  quality,  and  the  onset  of  the  menstrual  cycle. 

The  second  female  sex  hormone,  progesterone,  is  produced  by  the 
cells  of  the  corpus  luteum.  It  is  necessary  for  the  completion  of  each 
menstrual  cycle,  because  it  completes  the  alterations  in  the  uterus  begun 
by  the  estrogen.  It  also  makes  possible  implantation  of  the  fertilized 

the  ;*thG  UtTe  7al1’  and  CaUSGS  devel°Pme“t  of  the  breasts  during 

he  latter  months  of  pregnancy.  Both  female  sex  hormones  are  steroids^ 

S,milar  10  U,e  male  SeX  h0~  and  those  of  the  ad: 


Both  male  and  female  sex  hormones  are  produced  by  both  ; 


sexes;  in 
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fact,  one  of  the  richest  sources  of  female  sex  hormone — one  used  com¬ 
mercially — is  the  urine  of  stallions.  Recently,  female  sex  hormones  have 
been  found  in  palm  nut  oil  and  pussy  willows!  What  they  are  doing  there 
no  one  knows. 

5.  The  Estrus  Cycle.  In  most  mammalian  species  the  females  demon¬ 
strate  rhythmic  variations  in  the  intensity  of  the  sex  urge.  The  period 
when  it  is  at  its  height  is  known  as  estrus,  and  the  animal  is  then  said 
to  be  in  heat.  Cats  and  dogs  have  about  two  estrus  periods  each  year, 
and  most  wild  animals  have  only  one,  blit  some  animals,  such  as  the 
rat,  have  them  as  frequently  as  every  five  days.  Most  females  of  any 
species  will  accept  the  male  in  copulation  only  during  the  estrus  period. 
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Fig.  150.  Diagram  of  the  stages  in  the  development  of  an  egg,  follicle  and  oorpoaluteam 
in  ,  mammalian  ovary.  Successive  stages  are  arranged  clock w.se  begmmng  at^h ^ 
ovarium  (mesentery  which  holds  the  ovary  in  place) .  (Patten.  B.  M..  Human  tmbryo  gy, 
The  Blakiston  Co.) 


The  estrus  cycle  is  marked  not  only  by  the  change  in  the  intensity  of 
the  sex  urge,  but  by  changes  in  the  lining  of  «hevug,na  and  uterus, 
which  make  the  latter  better  able  to  receive  a  fertilized 

tilized  egg  do  not  occur,  the  lining  gradually  reveits  to  ong 

di6°nThe  Menstrual  Cycle.  Human  and  nnth^id  do 

experience  any  distinct  period  o  esttus. '  1  'vliieh  occur  about  every 

by  periods  of  bleeding,  known  as  mens  ru  '  t  ^  flow  consists 

twenty-eight  days  and  last  about  vessels. 

HningUoft thef uterus  is  almost  complete*  destroyed  by  each 
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menstruation,  it  is  thinnest  just  after  the  menstrual  ^  At  that  tim^ 
under  the  influence  of  the  follicle-stimulating  hormone,  or  I  SH,  secrete 
bv  the  pituitary,  one  or  more  of  the  follicles  in  the  ov;,r>  )C8,n  °  en 
large  rapidly,  while  the  follicular  cells  secrete  estrogen.  This  hormone 
causes  the  uterine  lining  to  grow,  and  by  the  end  of  the  first  week,  ,t  ts 
about  half  as  thick  as  it  will  become  without  pregnancy  (Fig.  151) . 

Approximately  fifteen  days  after  the  beginning  of  the  previous  men¬ 
strual  period,  ovulation  occurs — the  ripe  egg  is  released  from  the  ovary 
by  the  rupturing  of  the  follicle.  The  follicular  cells  are  then  transformed 
into  a  corpus  luteum,  which,  under  the  stimulation  of  the  luteinizing 


Fig.  151.  The  menstrual  cycle  in  the  human  female.  The  solid  lines  indicate  the  course  of 
events  if  the  egg  is  not  fertilized;  the  dotted  lines  indicate  the  course  of  events  when  preg¬ 
nancy  occurs.  1  he  actions  of  the  hormones  of  the  pituitary  and  ovary  in  regulating  the  cycle 
are  indicated  by  arrows. 


hormone,  or  LH,  secreted  by  the  pituitary,  secretes  the  second  hormone 
involved  in  the  menstrual  cycle,  progesterone.  This  hormone  completes 
the  development  of  the  uterine  lining,  preparing  it  to  receive  a  fertilized 
eKg-  It  also  promotes  the  growth  of  the  mammary  glands,  and  prevents 
the  development  of  any  additional  follicles  and  eggs. 

If  the  egg  has  not  been  fertilized,  about  twenty-seven  days  after  the 
beginning  of  the  previous  menstrual  period  the  corpus  luteum  undergoes 
i egression,  thus  terminating  the  secretion  of  progesterone.  Since  the 
uterine  lining  depends  on  the  hormone  for  maintenance,  this  marks 
the  beginning  of  its  breakdown,  and  the  menstrual  flow  begins  In  the 
ovary,  another  follicle,  released  from  the  inhibition  of  progesterone 
begins  to  ripen,  and  the  next  menstrual  cycle  starts. 
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If  pregnancy  occurs,  the  corpus  luteum  remains  and  secretes  proges¬ 
terone  almost  until  the  time  of  birth.  The  continued  secretion  of  the 
hormone  during  the  early  months  of  pregnancy  is  necessary  for  its  con¬ 
tinuation,  and  if  the  corpus  luteum  is  removed,  pregnancy  ceases  at  once 
with  an  abortion.  The  corpus  luteum  hormone  also  stimulates  the  growth 
of  the  mammary  glands  during  the  latter  months  of  pregnancy  and  pre¬ 
pares  them  for  the  action  of  the  lactogenic  hormone  of  the  pituitary, 
which  is  secreted  shortly  after  birth  and  causes  the  flow  of  milk. 

After  the  egg  has  been  released  from  the  ovary  and  is  passing  down 
the  oviduct,  it  can  be  fertilized  for  a  short  time  only,  probably  about 
twenty-four  hours.  When  the  sperm  are  deposited,  through  intercourse, 
in  the  female  reproductive  system,  they  quickly  lose  their  ability  to 
fertilize  an  egg,  within  forty-eight  hours  at  the  most.  The  period  of 
maximum  fertility  in  human  beings,  then,  narrows  down  to  the  time  of 
ovulation,  about  midway  between  successive  menstrual  periods. 

The  reason  why  women  are  subject  to  nervous  upsets  and  fits  of 
depression  just  before  and  during  the  menstrual  period  is  now  fairly 
well  understood.  The  maintenance  of  emotional  equanimity  in  women 
seems  to  depend  on  the  presence  of  a  certain  amount  of  female  sex  hor¬ 
mone  in  the  blood  and  tissues.  But  for  a  few  days  just  before  menstrua¬ 
tion,  when  the  corpus  luteum  has  begun  to  regress  and  has  stopped 
secreting  progesterone,  and  the  follicle  for  the  next  cycle  has  not  yet  begun 
to  secrete  estrogen,  there  is  a  measurable  deficiency  of  sex  hormone  in 
the  blood.  Similar  changes  in  disposition  frequently  occur  at  the  meno¬ 
pause,  a  period  beginning  around  the  forty-fifth  year,  and  lasting  about 
two  years,  when  the  menstrual  flow  stops  permanently,  and  the  amount 
of  sex  hormones  in  the  blood  decreases.  About  a  week  before  the  onse 
of  menstruation,  the  blood  contains  a  maximum  of  hormones  and  many 
women  find  they  feel  better  and  can  work  more  efficiently  then  than 

any  other  time. 

VIII.  THE  PLACENTA 

Although  the  placenta  is  primarily  an  organ  for  ^e  support  and 
nourishment  of  the  developing  embryo  ,(see  P,.f  5jm‘S  ^““"ogen. 

amounts  of  this  hormone  are  proc  uce  ,  when  small  amounts 

urine;  this  is  the  basis  for  several  pregnancy  t :ests .  When  sn 

IX.  OTHER  ENDOCRINE  GLANDS 

Certain  other  organs  of  theh  ^ones^Thefe  include^/ small  intes- 
endocrine  glands,  do  produce  ior  *  ^  0f  pancreatic  juice. 

-  — -  - 
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the  gallbladder.  The  stomach,  liver  and  kidney  also  are  believed  by 
some  to  have  endocrine  functions,  but  the  evidence  for  this  is  not  yet 

conclusive.  .  .  ,  j  ,• 

The  thymus,  a  fairly  large  gland,  existing  only  during  childhood,  lies 

at  the  upper  part  of  the  chestf  covering  the  lower  end  of  the  trachea. 
Microscopically  similar  to  lymph  tissue,  it  produces  one  kind  oi  white 
blood  cells,  lymphocytes.  Since  the  gland  is  large  in  early  life  and  re¬ 
gresses  after  puberty,  attempts  have  been  made  to  show  that  it  secretes 
a  hormone  affecting  sexual  maturity,  but  clear  evidence  of  this  has  not 
been  obtained. 

The  pineal  gland,  a  small,  round  structure  on  the  upper  surface  of 
the  thalamus,  between  the  two  halves  of  the  cerebral  cortex,  has  long 
been  suspected  of  endocrine  activity,  largely  because  it  has  no  other 
known  function,  but  there  is  no  evidence  that  it  secretes  a  hormone. 
Neither  its  removal  nor  injection  of  extracts  from  it  has  any  effect  on 
experimental  animals. 

X.  INTERRELATIONSHIPS  BETWEEN  THE  ENDOCRINE  GLANDS 

For  the  sake  of  simplicity  we  have  had  to  consider  each  gland  and  its 
effects  separately.  Recent  research  shows,  however,  that  nearly  every 
gland  affects  the  functioning  of  almost  every  other  one.  We  have  already 
discussed  the  extensive  control  which  the  anterior  pituitary  exerts  over 
the  sex  glands,  the  thyroid,  the  adrenal  cortex,  the  pancreas,  and  prob¬ 
ably  others  as  well.  Consider,  for  example  how  the  pituitary  affects  the 
ovary,  stimulating  the  production  first  of  estrogen  and  then  progesterone. 
These  hormones,  in  turn,  affect  the  secretion  of  hormones  by  the  pitui¬ 
tary  itself.  Thus  progesterone  inhibits  the  pituitary  from  secreting  FSH 
to  start  another  menstrual  cycle,  until  the  previous  one  is  completed  or 
pregnancy  terminates.  Another  example  of  interrelationship  is  the  in¬ 
hibitory  effect  in  some  species  of  the  adrenal  cortex  hormone  on  the 
thyroid,  so  that  when  the  former  is  removed,  the  thyroid  becomes  more 
active.  Again,  the  control  of  sugar  metabolism  depends  upon  a  com¬ 
plicated  interrelationship  between  hormones  of  the  anterior  pituitary 
and  adrenal  cortex,  as  well  as  upon  insulin.  These  are  still  being  inves¬ 
tigated. 

XI.  HORMONES  IN  LOWER  ANIMALS  AND  PLANTS 

Almost  all  animals  have  hormones,  and  growth  hormones,  called 
auxins,  occur  in  many  plants.  Sex  hormones,  similar  to  the  mammalian 
ones,  are  found  in  nearly  all  lower  animals,  including  those  primitive 
species  of  worms  in  which  there  are  separate  sexes.  The  moulting  of 
insects  and  crabs,  and  the  changes  in  color  of  fish,  crabs  and  amphibia 
are  all  under  hormonal  control.  In  the  frog  the  color-controlling  hormone 
is  produced  by  the  pituitary,  and  if  the  gland  is  removed,  the  animal 

becomes  albino.  1  he  condition  can  be  reversed  by  the  injection  of 
pituitary  extract. 

QUESTIONS 

from  it?°W  iS  lW  endOCri"e  ,ystem  ““P*™1*  to  "«vom  system?  How  doe,  it  differ 
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2.  Define  a  hormone.  IIovv  would  you  go  about  proving  that  a  particular  gland  secretes 
a  particular  hormone? 

3.  Where  is  the  thyroid  gland  located,  and  what  does  it  secrete? 

4.  Differentiate  between  myxedema,  simple  goiter  and  cretinism. 

5.  What  is  the  result  of  hyperthyroidism? 

6.  What  is  the  function  of  the  parathyroid? 

7.  What  is  the  importance  of  insulin  in  the  body?  Explain  why  the  feeding  of  thyroid 
gland  cures  myxedema,  while  the  feeding  of  pancreas  does  not  cure  diabetes. 

8.  What  are  the  parts  of  the  adrenal  glands,  and  what  functions  does  each  part  perform? 

9.  What  is  Addison’s  disease? 

10.  What  are  pitocin  and  pitressin,  and  what  effects  do  they  have  on  the  body? 

11.  Why  is  the  pituitary  sometimes  called  the  “master  gland  ? 

12.  What  is  the  difference,  causally,  between  a  midget  and  an  acromegalic? 

13.  What  is  ovulation,  and  when  does  it  occur? 

14.  What  is  the  function  of  progesterone? 

15.  Make  a  list  of  all  the  structures  in  the  body  known  to  be  endocrine  glands  and  the 

hormones  secreted  by  each.  ,  .  .  . 

16.  Discuss  the  ways  in  which  a  knowledge  of  physiology  and  psychology  can  help  society 

to  establish  fair  laws. 
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PART  IV 

THE  REPRODUCTIVE  PROCESS 


CHAPTER  19 


METHODS  OF  REPRODUCTION 


NEXT  to  the  urge  for  self-preservation,  the  most  fundamental 
instinct  of  organisms  at  every  level  of  the  animal  kingdom  is  to 
preserve  their  species  by  reproduction.  Every  normal  plant  and  animal 
has  the  physiological  equipment  with  which  to  reproduce  his  kind,  and 
even  at  the  human  level,  motivations  of  personal  well-being  are  rarely 
strong  enough  to  interfere  with  the  fulfillment  of  this  biological  obliga¬ 
tion  to  the  race.  Millions  of  species  of  plants  and  animals  have  become 
extinct,  of  course,  but  whatever  the  causes,  it  is  almost  certain  that 
failure  of  the  urge  to  propagate  was  not  among  them. 

The  process  of  reproduction  is  not  the  same  in  all  species  of  plants  or 
animals.  For  some  living  things  it  consists  of  nothing  more  than  the 
simple  division  of  the  organism  to  form  two  or  more  new  organisms.  No 
special  organs  or  cells  are  necessary  for  the  procreation  of  the  new 
generation,  and  the  individuals  are  not  sexually  differentiated.  This  type 
of  reproduction,  called  asexual,  is  the  simplest  and  most  primitive  of 
the  two  possible  types  and  probably  was  the  only  method  for  the  earliest 
forms  of  life.  At  the  present  time  many  of  the  single-celled  plants  and 
animals,  such  as  bacteria  and  amebas,  still  reproduce  by  asexual  methods 
exclusively.* 

How  long  this  type  continued  to  be  the  sole  means  of  reproduction 
we  do  not  know,  but  it  is  possible,  by  arranging  certain  plants  in  a 
series,  to  demonstrate  how,  in  the  evolutionary  scale,  the  second  kind 
of  reproduction  may  have  come  into  existence.  This  more  complex 
method,  exhibited  by  most  of  the  higher  plants  and  animals,  is  called 
sexual  reproduction,  because  it  involves  specialized  cells,  called  gametes 
or  sex  cells,  which  are  contributed  by  two  individuals.  The  sex  cells 
themselves  are  not  alike:  one  type,  called  eggs,  is  produced  by  the 
female,  and  contains  a  store  of  yolk  for  the  developing  organism  (the 
embryo);  another  type,  called  sperm,  is  produced  by  the  male,  and 
consists  of  motile  cells,  which  have  lost  most  of  their  protoplasm  and 
developed  “tails”  to  aid  them  in  swimming  to  meet  the  egg.  In  various 
ways  the  two  are  brought  together,  and  combine  to  form  the  fertilized 
egg  or  zygote,  which  develops  into  the  new  individual.  The  biological 
advantage  of  the  sexual  system  is  that  the  best  characteristics  of  two 


organisms  can  be  recombined  genetically,  thus  giving  rise  to  offspring 

Dfitt.Pr  alt  P  tn  ClirVlVD  tlion  ndl./.H  ll  ...  -  .  .  -  *  o 


*  Recent  studies  at  Yale  University  indicate  that 


But  even  the  highest  animals  and  plants'  may,  under  certain  condi- 


though  infrequently. 


some  bacteria  may  reproduce  sexually, 
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tions,  reproduce  asexually;  the  production  of  identical  twins  from  the 
splitting  ot  a  single  fertilized  egg  is  a  kind  of  asexual  reproduction.  And 
many  organisms  can  reproduce  either  sexually  or  asexually— some,  as 
we  shall  see,  regularly  alternate  the  sexual  with  the  asexual  method! 

I.  ASEXUAL  REPRODUCTION 

Living  things  can  give  rise  to  a  new  generation  asexually  in  a  number 
of  ways.  When  the  body  of  a  parent  simply  splits  into  two  more  or  less 
equal  daughter  parts,  which  become  new  animals,  the  process  is  called 
fission.  This  method  occurs  predominantly  among  the  single-celled  ani- 


Fig.  152.  Reproduction  in  an  ameba,  by  simple  nssion.  me  single  ecu  umuw 
Note  that  the  spindle  and  chromosomes  lie  within  the  persisting  nuclear  membrane.  (Mars- 
land  and  Plunkett:  Principles  of  Modern  Biology,  Henry  Holt  and  Co.,  Inc.) 

mals  and  plants,  such  as  amebas  and  paramecia  (Fig.  152)  .  The  cellular 
division  involved  in  the  splitting  takes  place  through  mitosis  (see  p. 

Hydras  and  yeasts  reproduce  by  another  asexual  method,  called  bud¬ 
ding,  which  consists  in  the  separation  of  a  small  part  of  the  paren 
body  from  the  whole,  and  the  development  of  this  part  into  a  new  mem¬ 
ber  of  the  species,  which  eventually  takes  up  an  independent  existence. 
Many  higher  animals— insects,  starfish  and  lobsters— can  grow  a  new 

into  a  new  animal.  The  process  is  particularly  common  among  Aatworms, 
but  starfish  also  have  the  ability  to^  a  Mgh  degree  and  a  .mg  ^ 

rit  o^tnntl0^’  they  would  cut  them 
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H5=H=HSa=Si 

starfish  must  be  killed  by  being  kept  out  of  water.  f 

Some  animals  and  most  plants  reproduce  asexually  by me 
spores  which  are  special  cells  with  resistant  coverings,  adapted 
withstand  unfavorable  environmental  conditions,  such  as  excessive  h  , 
cold  or  drought.  When  favorable  conditions  occur,  each  spore  develops 
into  a  new  organism.  Although  plants  are  unable  to  move  themselves, 
they  can  introduce  their  species  into  new  locations  by  producing  millions 
of  these  light  spores  which  are  carried  by  the  wind.  Some  ot  the  lowe 
plants  produce  them  simply  by  the  division  of  any  cell  but  in  higher 
plants  they  come  from  special  spore-producing  organs,  called  sporangia. 
The  entire  under  side  of  a  mushroom  cap — that  circle  ot  tine,  brown 

partitions — is  the  spore-producing  part. 

Because  the  air  is  constantly  tilled  with  a  variety  of  spores,  things 
standing  in  a  moist  climate  quickly  develop  mold  plants,  or  become 
“moldy.”  Although  reproduction  by  sporulation  is  especially  common 
among  plants— bacteria,  fungi,  mosses,  ferns  and  seed  plants— some  ani¬ 
mals,  especially  protozoa,  do  employ  it. 

One  of  the  most  interesting  examples  of  reproduction  by  sporulation 
occurs  in  the  single-celled  animal  l*losmocliui7it  which  causes  malaria 
fever.  This  organism  has  a  complex  life  cycle  involving  both  man  and 
a  certain  mosquito,  Anopheles.  Through  the  bite  of  the  mosquito,  the 
malarial  organisms  infect  a  person’s  blood  stream,  attacking  the  red 
blood  cells,  and  eventually  causing  them  to  swell  and  disintegrate.  In¬ 
side  the  red  blood  cell  the  Plasmodium  divides  into  from  twelve  to 
twenty-four  spores,  each  of  which  enters  the  blood  stream  when  the 
cell  disintegrates.  Here,  other  red  cells  are  infected  and  the  process 
is  repeated.  The  simultaneous  breakdown  of  billions  of  red  cells  causes 
the  malarial  chill,  followed  by  fever.  If  a  second,  uninfected  mosquito 
bites  the  infected  man,  it  becomes  infected  by  sucking  some  of  his  blood. 
Inside  the  mosquito’s  stomach  a  complicated  process  of  sexual  reproduc¬ 
tion  results  in  the  formation  of  thousands  of  new  spores,  some  of  which 
get  into  the  mosquito’s  salivary  glands,  ready  to  infect  the  next  man 
bitten. 

There  are  many  methods  whereby  higher  plants  reproduce  naturally, 
or  can  be  made  to  reproduce,  by  asexual  means.  Most  of  the  cultivated 
trees  and  shrubs  are  reproduced  from  the  cuttings  of  twigs,  which  sprout 
roots  at  their  tips  when  placed  in  moist  ground.  This  artificial  reproduc¬ 
tion  is  brought  about  to  insure  that  the  new  plants  will  have  the  desir¬ 
able  qualities  of  the  old  ones.  At  the  present  time  a  number  of  com¬ 
mercial  plants — bananas,  seedless  grapes,  and  navel  oranges,  to  mention 
just  a  few— have  lost  the  ability  to  produce  functional  seeds  and  must 
be  propagated  entirely  by  asexual  methods.  When  a  farmer  plants  a 
potato,  he  is  really  doing  the  same  thing,  for  a  potato  tuber  is  just  a 
swollen  stem  of  the  potato  plant. 

Many  plants,  such  as  the  strawberry,  develop  long  horizontal  stems 
called  runners.  These  grow  several  feet  along  the  ground,  eventually  to 

*  Among  plants,  the  asexual  method  usually  alternates  with  the  sexual. 
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develop  new  roots  at  the  tips  and  become  new  plants.  Other  plants 
spread  means  of  similar  stems,  called  rootstocks,  which  grow  under¬ 
ground.  Such  weeds  as  witch  grass  and  crab  grass  are  particularly 
difficult  to  control  because  they  spread  by  means  of  runners  or  root¬ 
stocks. 


n.  SEXUAL  REPRODUCTION 

The  most  primitive  type  of  sexual  reproduction  is  found  in  the  pond 
scum  Spirogyra,  which  consists  of  long  filaments  of  cells  arranged  end 
to  end.  In  the  fall,  when  reproduction  usually  occurs,  any  two  cells  from 
different  filaments  lying  near  each  other  many  develop  protrusions  on 
their  surfaces.  These  eventually  grow  into  tubes  which  join  to  form  a 
passageway  from  one  cell  to  the  other  (Fig.  153) ,  and  the  protoplasm 


Fig  153  Stages  in  the  conjugation  of  two  cells  of  the  alga  Spirogyra.  A  cytoplasmic  bridge 
is  formed  between  the  two  cells  ( 1  and  2)  ;  the  cytoplasm  of  one  flows  into  the  other  (3,  It,  5) 
and  unites  with  it  (6)  .  The  nuclei  of  the  two  cells  fuse  to  form  a  single  one,  and  fertilization 
is  thus  achieved.  (Marsland  and  Plunkett:  Principles  of  Modern  Biology,  Henry  Holt  and 

Co.,  Inc.) 

from  one  cell  begins  to  ooze  through  the  tube  into  the  other  cell  where 
it  fuses  with  its  protoplasm.  Finally,  the  nuclei  of  both  cells  unite,  an 
fertilization  is  complete.  By  developing  a  thick  wall  the  resulting  ce  . 
or  zygote,  is  able  to  survive  during  the  winter.  In  the  spring  it  germ¬ 
inates  or  breaks  through  its  tough  covering  and  undergoes '  ‘  * 

become  the  long  filament  of  the  summer  form.  Here,  then  we  1  a  ^ 
sexual  reproduction  by  the  fusion  of  two  unspeciahzed,  identical  cells 
Another  filamentous  green  alga,  Vlothrix.  demonstrates  the  neirt  tep 
in  the  evolution  of  sex.  In  this  plant  an  individual  cell  in  the  filamentous 
chain  undergoes  several  divisions  (Fig.  154)  to  produce  a  number  o 
small  cells  each  with  two  flagella.  These  cells  break  out  of  the  original 
cell  wall  and  swim  about  until  two  of  them  meet  and  fuse.  The  resultant 
•The  terms  “unspecialized”  and  "identieal”  are  used  relatively.  Since  sexual  repro 
tion  is  involved,  the  cells  are  not  identical  genetically. 
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ment.  This  illustrates  sexual  reproduction  by  the  fusion  o  two  sptci 
ized  though  identical  cells. 


Fig.  154.  Reproduction  in  t he  alga,  Ulothrix.  Roth  asexual  reproduction,  by  means  of 
zoospores,  and  sexual  reproduction,  by  the  fusion  of  gametes,  are  illustrated,  (\oung, 
Ilylander  and  Stebbins:  The  Human  Organism  and  the  World  of  Life,  Harper  &  Brothers.) 


A  third  step  in  the  evolution  of  sexual  reproduction  is  demonstrated 
by  yet  another  alga,  Oedogonium,  in  which  the  cells  which  fuse  to  form 


Fig.  155.  Reproduction  in  the  alga  Oedogonium.  In  this  alga  the  two  types  of  gametes— 
eggs  and  sperm— can  be  clearly  differentiated.  (Young,  Ilylander  and  Stebbins:  The  Human 
Organism  and  the  World  of  Life,  Harper  &  Brothers.) 

the  zygote  are  unlike,  and  have  become  differentiated  into  a  large,  non- 
motile,  food-laden  egg  and  a  small,  motile  sperm  (Fig.  155)  .  Certain 
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«ells  of  the  long  filament  of  this  plant  develop  into  large  gametes,  replete 
with  stored  food  and  incapable  of  moving.  Other  cells  of  the  filament 
undergo  division  and  produce  a  small,  ciliated,  motile  sperm,  which 
escapes  from  the  enclosing  cell  wall,  swims  in  the  water  and  eventually 
enters  the  cell  containing  the  egg  and  fuses  with  it.  The  resulting  zygote 
later  divides  and  forms  a  new  plant  made  of  many  cells  connected  end 
to  end  in  a  long  filament. 

The  final  step  in  the  evolution  of  sex  is  exhibited  by  other  algae, 
as  well  as  by  higher  animals  and  plants,  whose  specialized  gametes  are 
produced  only  by  special  cells  in  the  body — the  sex  organs — rather  than 
by  any  cell  in  the  organism,  as  in  the  three  previously  described  or¬ 
ganisms.  The  existence  of  these  plants,  which  can  be  arranged  in  a 
series  of  increasing  complexity  in  regard  to  their  method  of  sexual  re¬ 
production,  suggests  that  sex  actually  did  evolve  through  a  series  of 
such  intermediate  steps. 

Some  animals  reproduce  either  sexually  or  asexually.  For  the  one- 
celled  animal,  paramecium,  sexual  reproduction  is  a  complicated  process 
in  which  two  individuals  come  together  on  their  oral  surfaces,  fuse,  and 
exchange  nuclear  material.  The  original  nucleus  of  each  divides  several 
times  before  one  of  the  resulting  nuclei  migrates  across  to  the  other 
animal  and  fuses  with  one  of  its  nuclei.  After  that  the  animals  separate, 
and  there  is  further  nuclear  and  cytoplasmic  division,  eventually  re¬ 
sulting  in  four  individuals.  It  was  once  thought  that  sexual  reproduction 
is  occasionallv  necessary  to  rejuvenate  the  strain,  but  Woodruff  of  Tale 
has  maintained  a  strain  since  1907  without  sexual  reproduction  and 
with  no  loss  of  vitality.  More  recently,  Sonneborn  has  shown  that  al¬ 
though  paramecia  are  not  differentiated  into  two  sexes,  there  are  definite 
mating  groups,  and  that  individuals  of  one  group  will  mate  only  with 
those  of  the  other.  Heredity  determines  which  mating  group  an  mdi- 

V1<Among1prhnitive  algae,  such  as  Spirogyra  and  Ulothnx,  asexual  and 
sexual  reproduction  may  occur  in  the  same  plant  dependmg  on  environ 
mental  conditions.  In  all  the  higher  plants,  seed  plants,  ferns,  mosses 
and  the  higher  algae  there  is  a  definite,  regular  alternation  o  a  g 
tion  of  plants  reproducing  sexually  with  a  generation  reproducing  asexu¬ 
ally  by  means  of  spores. 

III.  THE  LIFE  CYCLE 

The  life  cycle  of  any  species  may  be  defined  as  the  biologicd  processes 
of  development  which  occur  between  any  giv  en  P  off snrin"  For 

Hfe  T’su^as"  ^‘re^ry^^  ^e  is 
simple.  A  small  ameba  grows  and  divides  gmng ;  nsf ;  to awo 
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series  of  three,  four,  or  even  more  forms  before  the  l.te  c>c 

pleted  by  the  reappearance  of  the  °^uces  sexually  through 

gametes^is 'known  asT th«  gmnetophyte,  and  the  generation  reproducing 
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asexually  by  spores  is  known  as  the  sporophyte.  The  life  cycle  of  higher 
nlants  consfsts  in  the  production  of  gametes  by  the  gametophyte  genera¬ 
tion,  the  union  of  these  to  form  a  zygote,  which  develops  into  a  sporo¬ 
phyte  plant,  the  production  of  spores  by  the  sporophyte,  and  the  deve  - 
opment  of  the  spores  into  gametophyte  plants.  In  mosses,  ferns  and 


Flg;  15uG'  The  !'fe,  Cycle  °f  a  moss  plant>  illuslrating  the  alternation  of  a  generation  (the 
gametophyte)  which  reproduces  sexually,  with  a  generation  (the  sporophyte)  which  repro- 

dace,  asexually  (Young,  Inlander  and  Stebbins:  The  Human  Organism  and  the  Wo  rid 
Ot  Lile,  Harper  &  Brothers.) 


seed  plants,  relative  size  and  duration  of  the  gametophyte  and  sporophyte 
generations  vary  considerably. 

1.  The  Life  Cycle  of  Mosses.  The  familiar  small,  green  leafy  plants 
called  moss  are  really  the  gametophyte  generation  of  the  whole  plant 
The  gametophyte  consists  of  a  single  central  stem,  surrounded  by  leaves 
and  held  in  place  in  the  ground  by  a  number  of  slender  rootlets  or 
izoids,  which  absorb  water  and  salts  from  the  soil.  The  leaf  cell* 
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produce,  by  photosynthesis,  all  the  other  compounds  the  plant  needs 
for  survival,  so  that  each  gametophyte  is  an  independent  organism. 

When  the  gametophyte  has  attained  full  growth  and  is  ready  to  re¬ 
produce,  sex  organs  develop  at  the  top  of  the  stem,  in  the  middle  of  a 
circle  of  leaves  (Fig.  15(5) .  In  some  species  the  sexes  are  separate;  in 
others,  both  male  and  female  organs  develop  in  the  same  plant.  The 
male  organs  are  sausage-shaped  structures  which  provide  a  large  number 
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Fig.  157.  The  life  cycle  of  a  fern.  As  in  the  mosses,  there  is  an  alternation  ose^ualwd 

^n,i:  llyhinder  an,,  the  Worid 

of  Life,  Harper  &  Brothers.)  , 
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base.  Directed  by  a  ehemtcal  sub.  spernl  fertilizes 

tK.  The  tWuCt"eygo tae"L  the  beginning  of  the  sporophyte  genera- 
tion. 
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In  contrast  to  the  independent  green  gametophyte,  ^ 


is  a  leafless,  brown,  single  stalk  which  lives  as  a  parasite  on  the  gameto¬ 
phyte,  obtaining  its  nourishment  by  means  of  a  foot  which  gro 
down  into  the  gametophyte  tissue.  On  the  opposite,  upper  en  o 
sporophyte  stalk,  a  capsule  develops  containing  a  number  of  spores, 
which  are  the  beginning  of  the  gametophyte  generation  Eventually, 
these  are  released  from  the  capsule  and  drop  to  the  ground,  where  each 
develops  into  a  gametophyte  or,  by  budding,  into  several  gametop  iv  es, 

thus  completing  the  life  cycle  of  the  plant. 

2.  The  Life  Cycle  of  the  Fern.  The  life  cycle  of  ferns  involves  an 

alternation  of  generations,  each  of  which  is  an  independent  green  plant. 
The  relatively  large,  leafy  plant  commonly  called  a  fern  is  the  sporo¬ 
phyte  generation;  the  gametophytes  are  tiny,  free-living  forms  that  exist 
only  long  enough  to  give  rise  to  the  new  sporophytes. 

The  mature  sporophyte  consists  of  a  number  of  leaves  or  fronds,  each 
of  which  is  subdivided  into  a  large  number  of  leaflets  (big.  1.57)  attached 
to  the  horizontal  stem  that  lies  just  under  the  surface  of  the  soil.  From 
the  stem  a  number  of  slender  roots  penetrate  the  soil.  T  he  under  sur¬ 
faces  of  the  leaflets  develop  numerous  small,  brown  sporecases,  each 
with  a  large  number  of  spores.  The  sporophyte  plant  may  live  several 
years  and  produce  several  yearly  crops  of  them.  At  the  proper  time  the 
spores  are  released,  drop  to  the  ground,  and  develop  into  flat,  green, 
heart-shaped  gametophytes,  about  the  size  of  a  dime.  The  gametophytes 
grow  in  moist,  shady  places,  especially  under  decaying  logs.  From  them, 
a  number  of  roots  grow  into  the  soil  to  absorb  water  and  salts.  The  male 
and  female  sex  organs  develop  on  the  under  surface  of  the  gametonhyte. 
Each  female  organ,  usually  lying  near  the  notch  of  the  heart-shaped 
structure,  contains  a  single  egg.  The  male  sex  organs,  located  at  the 
other  end  of  the  gametophyte,  develop  a  number  of  flagellated  sperm, 
which  are  released  after  a  rain  and  swim  through  the  water  on  the  under 
surface  of  the  gametophyte  to  reach  the  eggs.  When  an  egg  has  been 
fertilized,  it  develops  into  a  new,  large  sporophyte  to  complete  the  cycle. 

3.  The  Life  Cycle  of  a  Seed  Plant.  Such  seemingly  dissimilar  plants  as 
trees,  shrubs,  flowers  and  grasses  are  all  alike  in  being  seed  plants,  and 
are  of  a  higher  order  than  the  ferns  and  mosses.  The  alternation  of  two 
generations— gametophyte  and  sporophyte— still  takes  place,  but  the 
gametophytes  arc  reduced  to  a  few  cells  lying  within  the  tissues  of  the 
sporophyte  flower.  The  sporophyte  is  the  familiar,  visible  tree,  shrub  or 
grass.  Not  all  flowers  are  easily  recognizable  as  such:  grasses  and  some 
trees  have  small  green  flowers  which  are  quite  different  from  the  colorful 
blossoms  we  usually  think  of  as  flowers .* 

The  flowers  of  seed  plants  exist  simply  to  assist  in  the  reproduction  of 
the  plant,  and  consist  of  a  number  of  leaves  modified  in  one  wav  or 
another  for  this  purpose.  In  contrast  to  the  method  of  spore  production 
m  terns,  where  spores  are  produced  on  the  underside  of  every  leaf,  only 
certain  modified  leaves  in  specific  parts  of  the  flower  produce  the  spores 
of  seed  plants  A  typical  flower  is  made  up  of  four  concentric  rings  of 
parts  (Fig.  158),  although  in  any  particular  species  some  of  the  parts 
may  be  fused  or  missing.  The  outermost  leaves,  usually  green  and  the 

Lon  iters  and  a  few  other  seed  plants  do  not  have  flowers. 
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most  like  ordinary  leaves,  are  called  sepals.  Inside  the  ring  of  sepals 
are  the  petals,  typically  brilliant  in  color  to  attract  insects  and  birds, 
thereby  insuring  pollination.  Within  the  petals  is  a  ring  of  stamens, 
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Fig.  158.  The  life 

which  produce  the  small  spores  in  which  ^ 
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Variations  in  the  thousands  of  kinds  of  flowers  are  due  to  differences 
in  the  number,  arrangement,  shape  and  color  of  these  four  basic  parts. 
While  still  inside  the  stamen,  the  spores  develop  into  tiny  male  game- 
tophytes  by  nuclear  division.  The  nucleus  of  the  spore  cell  divides  into 
two  nuclei,  one  of  which  divides  again,  resulting  in  a  total  of  three 
nuclei,  without  any  division  of  the  cytoplasm.  1  his  cell,  with  its  three 
nuclei,  is  the  equivalent  of  the  male  gametophyte  of  the  lower  plants, 
and  is  called  a  pollen  grain. 

Meanwhile,  within  the  enlarged  base  of  the  pistils  or  ovary  the  bigger, 
female  spores  are  developing.  The  ovary  contains  one  or  more  ovules,  each 
of  which  is  a  thick-walled  structure  bearing  a  single  large  spore.  The 
spore  germinates  within  the  ovule,  and  the  nucleus  divides  twice  to 
form  the  female  gametophyte.  One  of  these  four  nuclei  enlarges  to 
become  the  egg  nucleus — the  female  gamete;  another  becomes  the 
endosperm  nucleus,  eventually  the  stored  food  of  the  seed. 

Although  most  seed  plants  have  flowers  containing  both  male  and 
female  gametes,  self-fertilization  is  comparatively  rare.  Usually,  the 
pollen  grains  are  transported  by  insects  or  the  wind  from  one  plant 
to  another,  permitting  cross  fertilization.  When  the  pollen  grain  reaches 
the  pistil,  it  is  held  in  place  by  a  sticky  substance  secreted  by  the  latter 
and  is  stimulated  to  grow  a  long  tube,  the  pollen  tube,  which  extends 
down  the  pistil  to  the  ovary.  The  male  gamete — one  of  the  three  nuclei 
of  the  pollen  grain — then  passes  down  the  pollen  tube  and  fuses  with 
the  egg  nucleus  to  form  the  zygote.  A  second  nucleus  of  the  pollen  grain 
fertilizes  the  endosperm  nucleus,  giving  rise  to  the  tissues  nourishing 
the  embryo.  As  soon  as  the  zygote  has  formed,  it  begins  dividing  to 
form  the  embryonic  plant,  while  the  fertilized  endosperm  nucleus  divides 
to  form  a  large  mass  of  food-storing  cells.  The  walls  of  the  ovule,  having 
grown  and  become  thick,  form  the  tough,  outer  covering  of  the  seech 
A  seed,  then,  consists  of  the  embryo  plant,  plus  stored  food  in  the  form 
of  endosperm,  enclosed  in  a  resistant  covering  derived  from  the  wall 
of  the  ovule.  While  the  seed  is  developing,  the  other  parts  of  the  flower 
usually  wither  and  die,  releasing  the  seed. 

The  embryo  plant  within  the  seed  consists  of  a  short  stem,  one  or  two 
leaves,  and  a  small  bud.  Some  seeds  germinate  immediately,  others  only 
after  a  winter  has  intervened.  When  the  proper  conditions  of  warmth 
and  moisture  are  present,  the  seed  bursts,  and  its  enzymes  digest  the 
stored  endosperm,  making  food  available  for  growth.  The  stem  elongates 
ending  a  root  downward  and  pushing  the  one  or  two  leaves  upward 
untd  they  break  through  the  surface  of  the  soil.  When  this  happens  the 
Shoot  beg, ns  to  develop  chlorophyll  and  to  manufacture  its  own  food 
by  photosynthesis.  The  next  sporophyte  generation,  which  begins  with 
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a  berry,  apple  or  cherry  is  eaten  and  digested  by  some  animal,  the  outer 
covering,  being  resistant  to  the  digestive  juices,  passes  through  the  di¬ 
gestive  tract  and  allows  the  seed  to  be  eliminated  unharmed  and  develop 
normally,  often  at  some  distant  point. 

In  the  strict  botanical  sense,  a  fruit  is  a  matured  ovary  containing 
seeds — the  matured  ovules.  Therefore,  although  we  usually  think  of  only 
such  sweet,  pulpy  things  as  grapes,  berries,  apples,  peaches  and  cherries 
as  fruits,  bean  and  pea  pods,  corn  kernels,  tomatoes,  cucumbers  and 
watermelons  are  also  fruits. 

There  are  two  main  types  of  fruit:  true  fruits,  consisting  solely  of  the 
ovary  tissues,  and  accessory  fruits,  containing  parts  of  the  sepal  or  stem 
in  addition  to  the  ovary.  The  edible  fleshy  strawberry,  as  a  whole,  is  an 
accessory  fruit  which  is  really  the  enlarged  tip  of  a  stem.  The  yellow 
“seeds”  are  the  individual  true  fruit.  Apples  and  pears  are  other  ex¬ 
amples  of  accessory  fruit.  The  true  fruit  of  the  apple  is  the  core,  and 
the  edible  part  is  derived  from  the  stem  and  sepals  of  the  apple  blossom. 

Some  plants  have  true  fruits  which  are  fleshy;  others  have  ones  which 
are  hard  and  dry.  Grapes,  tomatoes,  bananas,  oranges  and  watermelons 
are  examples  of  fleshy  fruit  in  which  the  entire  wall  of  the  ovary  be¬ 
comes  pulpy.  Peaches,  plums  and  olives  are  examples  of  fiuit  in  vhich 
only  the  outer  part  of  the  ovary  wall  becomes  soft  and  fleshy,  the  inner 
part  hardening  to  form  the  pit  or  “stone,”  containing  the  seeds.  Nuts 
are  examples  of  fruit  in  which  the  ovary  tissue  becomes  hard  and  dry. 
There  are,  then,  many  kinds  of  fruit,  differing  in  the  number  of  ovules 
per  fruit  and  the  number  of  seeds  per  ovule,  as  well  as  in  color,  shape, 
water  and  sugar  content,  and  consistency. 


IV.  SEXUAL  REPRODUCTION  IN  ANIMALS 

A  few  animals— primarily  certain  coelenterates-give  rise  alternately 
to  a  sexual  and  an  asexual  generation,  in  a  manner  similar  to  that  of 
plants.  But  most  animals  not  only  reproduce  solely  by  sexual  means,  but 

have  permanent  sexual  organs.  j 

4  Hermaphroditism.  Many  of  the  lower  animals  have  both  testes  and 

ovaries  and  so  produce  both  sperm  and  eggs,  a  condition  known  as 
hermaphroditism.  Of  this  group,  most  of  the  parasitic  flatworms,  sue 
as  the  tapeworm,  are  capable  of  self-fertilization.  Since  a  host  may  be 
infected  with  a  single  parasite  only,  this  ability  is  an  important  facto 

copulation  each  ^prevented  by  Tdevefopment 

"  testes  and' ovaries  at  different  times.  Oysters,  tor  example,  are 
first  male  then  female  ^  rare  modification  of  sexual  reproduction, 
common"  among  honeybees,  wasps  and an'- 

seta 
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STeggl Often  natation  occurs  in  the  fall,  and  the  fertilized  eggs  are 
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quiescent  during  the  winter.  Among  honeybees  the  female  or  queen  bee 
is  fertilized  by  a  male  just  once  in  her  entire  life  time.  The  sperm  she 
receives  is  stored  in  a  little  pouch  connected  with  her  genital  tract,  and 
closed  off  by  a  muscular  valve.  As  the  queen  lays  eggs,  she  can  either 
open  this  valve,  permitting  the  sperm  to  escape  and  fertilize  them,  or 
keep  the  valve  closed,  so  that  the  eggs  develop  without  fertilization.  The 
fertilized  eggs  become  females — queens  and  workers;  the  unfertilized 
eggs  become  males  (drones) .  Some  species  of  wasps  give  birth  alter¬ 
nately  to  a  parthenogenetic  generation  and  one  from  fertilized  eggs. 

Eggs  from  species  which  do  not  normally  undergo  parthenogenetic 
development  can  often  be  stimulated  artificially  to  develop  without 
fertilization.  Frog  eggs  can  be  so  stimulated  by  pricking  them  with 
a  fine  needle,  and  others  can  be  made  to  divide  by  shaking  them,  adding 
chemicals  to  the  water  in  which  they  are  lying  or,  as  in  marine  eggs,  by 
changing  the  concentration  of  salt  in  the  water.  The  animals  resulting 
from  artificial  parthenogenesis  are  often  weaker  and  smaller  than  nor¬ 
mal,  and  may  be  unable  to  complete  development.  But  adult  frogs  and 
rabbits  have  been  produced  by  this  means  in  the  laboratory  of  Dr. 
Pincus  of  Clark  University. 

Many  species  of  worms,  and  most  of  the  other  animals  farther  along 
the  evolutionary  scale,  have  permanent  structures  for  sexual  reproduc¬ 
tion.  Among  the  vertebrates  a  wide  assortment  of  accessory  structures 
has  evolved  to  facilitate  the  union  of  egg  and  sperm,  and  to  ensure  the 
development  of  the  embryo. 

6.  Types  of  Fertilization.  Most  aquatic  animals  simply  liberate  their 
sperm  and  eggs  into  the  water,  so  that  their  union  is  haphazard.  No 
accessory  structures  are  needed,  except  the  ducts  which  transport  the 
cells  to  the  outside  of  their  bodies.  This,  the  most  rudimentary  and 
uncertain  method  of  uniting  the  gametes,  is  called,  for  obvious  reasons, 
external  fertilization. 

Other  animals,  especially  those  living  on  land,  have  accessory  sex 
organs  for  transferring  the  sperm  from  the  body  of  the  male  to  that  of 
the  female,  so  that  fertilization  occurs  within  the  latter.  This  method, 
calh  d  internal  fertilization,  requires  the  cooperation  of  the  sexes  and 

many  species  have  evolved  elaborate  patterns  of  mating  behavior  to 
insure  that  it  takes  place. 

An  unusual  one  is  that  exhibited  by  the  salamander:  the  male  clasps 
the  female  and  rubs  her  nose  with  his  chin;  he  then  dismounts  in  front 
O  i or,  and  deposits  on  the  ground  a  spermatophore,  a  sac  containing 
a  large  number  of  sperm.  The  female  picks  up  the  sac  and  places  it  in 

r  cloaca.  Here  the  sac  breaks,  releasing  the  sperm  to  fertilize  her  eggs 

nor?  V  br!r'lnB,hab,tS  are  dan«er»"s  or  even  fatal  to  the  animals 
performing  them;  for  instance,  salmon  swim  hundreds  of  miles  upstream 

O  spawn  and  die;  and  the  male  spider  is  frequently  eaten  bv  the  female 
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Fish  and  amphibia  in  general  take  no  care  of  the  developing  eggs,  and 
great  quantities  must  be  laid  each  year  in  order  that  by  chance  a  few 
will  develop.  The  eggs  of  reptiles  are  usually  laid  in  the  sand  or  mud, 
where  they  develop  without  parental  care,  warmed  only  by  the  sun. 
Birds  lay  their  eggs  in  nests,  and  incubate  them  by  sitting  on  them.  The 
newly  hatched  birds  are  quite  helpless  and  require  parental  attention 
for  several  weeks. 

In  contrast  to  these  eggs  which  develop  more  or  less  at  the  mercy 
of  the  environment,  the  mammalian  egg  (with  the  exception  of  those 
of  the  monotremes,  which  are  laid  and  develop  outside  the  body) 
develops  within  the  uterus  of  the  female,  where  it  is  safe  from  predators 
and  from  environmental  changes  until  it  is  able  to  cope  with  them. 

The  young  of  many  vertebrates — primarily  the  amphibians — do  not 
resemble  their  parents  at  all,  but  go  through  an  early  larval  form.  At  the 
proper  time  the  larva,  such  as  a  tadpole,  undergoes  a  relatively  rapid 
change,  or  metamorphosis,  to  become  the  adult  form.  In  general,  the 
existence  of  the  larval  form  is  correlated  with  a  relatively  small  amount 
of  yolk  in  the  egg,  so  that  the  young  must  become  self-supporting  at 
an  early  time.  The  larvae  of  many  insects  are  specially  adapted  to 
feed  and  store  food,  while  the  adult  animal  eats  nothing  and  lives  only 
long  enough  to  reproduce. 

In  the  evolution  of  the  vertebrates  from  fish  to  man.  the  trend  ha= 
been  towards  the  production  of  fewer  eggs,  and  the  development  of 
instincts  for  parental  care  of  the  young.  Thus  the  codfish  produce 
millions  of  eggs  a  year,  few  of  which  ever  develop  into  adult  fish,  while 
mammals,  such  as  man,  have  few  offspring,  but  take  such  good  care 
of  them  that  the  majority  reach  adulthood. 


QUESTIONS 

1.  Differentiate  between  sexual  and  asexual  reproduction. 

2.  What  are  spores?  ,  .  , 

3  Are  specialized  sex  organs  necessary  for  sexual  reproduction.-' 

4.  Trace  the  evolutionof  sex  in  plants  as  exemplified  by  living  plants. 

5  Differentiate  between  the  gametophyte  and  the  sporophyte  generations. 

6.  "What  is  a  life  cycle? 

7  How  do  seed  plants  differ  from  other  plants? 

8  Name  the  parts  of  a  flower  and  state  the  functions  of  each  part. 

a  -  - 

tinuance  of  the  species. 
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CHAPTER  20 


HUMAN  REPRODUCTION 


TilE  REPRODUCTIVE  process  in  man  represents  a  high  expression 
of  tlie  evolutionary  trends,  observable  in  all  the  vertebrates,  towards 
tne  production  of  fewer  offspring  and  more  assiduous  parental  care. 
Only  a  relatively  few  children  are  brought  into  existence  during  the  life¬ 
time  of  human  parents,  but  these  are  well  protected  and  cared  for,  not 
only  during  the  actual  period  of  development  within  the  mother’s  body, 
but  for  years  after  birth. 

In  the  vertebrates  a  number  of  accessory  structures  have  developed 
to  facilitate  the  transfer  of  sperm  from  the  male  to  the  female  reproduc¬ 
tive  tract,  and  to  provide  a  place  for  the  development  of  the  fertilized 
egg.  These  structures  have  evolved  either  from  or  in  close  association 
with  the  urinary  system,  and  the  two  systems  together  are  frequently 
referred  to  as  the  urogenital  system. 

Human  reproduction,  in  common  with  that  of  most  animals  and 
plants,  is  accomplished  sexually,  by  the  union  of  specialized  cells  called 
gametes — ova  or  eggs  produced  by  the  female,  and  sperm  produced  by 
the  male.  All  the  parts  of  the  complicated  reproductive  system  in  both 
sexes,  as  well  as  the  various  physiological  and  psychological  phenomena 
associated  with  sex,  have  just  one  purpose:  to  insure  the  successful 
union  of  the  egg  and  sperm,  and  the  subsequent  development  of  the 
tertilized  egg  into  a  new  individual. 

1.  The  Male  Reproductive  Organs.  The  testis,  which  so  far  we  have 
discussed  only  as  an  endocrine  gland,  performs  an  equally  important 
function  as  the  source  of  the  male  sex  cells.  A  pair  of  these  glands  de¬ 
velops  within  the  abdominal  cavity  of  all  vertebrates,  but  in  man,  and 
some  other  mammals,  they  descend  shortly  before  or  after  birth  into 
the  scrotal  sac,  a  loose  pouch  of  skin  which  is  an  outpocketing  of  the 
body  wall.  The  cavity  within  the  scrotal  sac  is  part  of  the  abdominal  cavity 
and  during  development  is  connected  to  it  by  a  passageway,  the  inguinal 
canal.  After  the  testes  have  descended  through  it,  this  canal  is  usually 
closed  by  the  growth  of  connective  tissue,  so  that  the  abdominal  and  scrotal 
cavities  are  separate.  Occasionally,  the  inguinal  canal  reopens  or  fails 
to  close,  resulting  in  an  inguinal  hernia.  In  such  cases  a  loop  of  the 
intestine  may  slip  down  into  the  scrotal  sac  and  be  caught  there  by  the 
contraction  of  the  abdominal  muscles,  which  cuts  off  its  blood  supply 
Unless  an  operation  is  quickly  performed,  the  tissue  of  that  part  of  the 
intestine  dies.  The  normal  descent  of  the  testes  into  the  scrotal  sac 

domCCTa,y  i°r  thC  productlon  of  sPerm-  If  the  testes  remain  in  the  ab- 

the  siight,y  — 

I'.ach  testis  consists  of  about  one  thousand  highly  coiled  seminifero 
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tubules,  which  actually  produce  the  sperm,  and,  lying  between  them, 
masses  of  interstitial  cells  which  produce  the  male  sex  hormones.  The 
seminiferous  tubules  are  lined  with  a  germinal  epithelium  made  up  of 
rounded  cells  with  large  nuclei.  These  cells  undergo  division  to  form 
cells  which  develop  into  the  sperm,  with  compact  heads,  containing  the 
nucleus,  and  a  long,  whiplike  tail  for  locomotion.  In  addition,  the  sem¬ 
iniferous  tubules  contain  “nurse”  cells  which  nourish  the  sperm  as  they 
develop  from  rounded  cells  into  the  mature,  tailed  form.  The  formation 
of  sperm  proceeds  in  waves  along  the  tubules,  so  that  the  sperm  which 
are  not  yet  motile  are  moved  along  largely  by  the  pressure  of  other 
sperm  behind  them. 

At  one  end  of  each  seminiferous  tubule  is  a  fine  tube  called  the  vas 
efferens,  which  connects  it  to  a  single,  complexly  coiled  tube,  the 
epididymis,  where  the  sperm  are  stored.  Each  of  the  two  epididymides 
lies  close  to  the  base  of  the  testis  to  which  it  is  attached.  From  each 
epididymis  a  duct,  the  vas  deferens,  passes  from  the  scrotum  through 
the  remains  of  the  inguinal  canal,  into  the  abdominal  cavity,  and  over 
the  urinary  bladder  to  the  lower  part  of  the  abdominal  cavity,  where 
it  joins  the  urethra  (Fig.  159) . 

As  soon  as  the  sperm  are  produced  they  are  suspended  in  a  liquid, 
the  seminal  fluid,  which  protects  them  as  they  are  transferred  to  the 
female  reproductive  tract.  This  fluid  is  produced  by  three  different 
glands.  A  short  distance  before  the  vas  deferens  joins  the  urethra,  a  pair 
of  glands  called  the  seminal  vesicles  empty  into  it  by  ducts.  Farther  on, 
around  the  urethra,  at  its  ‘source  from  the  urinary  bladder,  are  the 
prostate  glands  (in  man  these  are  fused  into  a  single  gland),  which 
secrete  their  part  of  the  seminal  fluid  into  the  urethra  by  two  sets  of 
fine,  short  ducts.  Finally,  farther  along  the  urethra,  at  the  base  of  the 
spongy  tissue  of  the  penis,  lies  a  third  pair  of  small  glands,  called  Cow- 
per’s^glands,  which  contribute  the  last  component  to  the  seminal  fluid. 
This  fluid  has  a  complex  composition  and  contains  inorganic  salts  to  act 
as  buffers  (sperm  are  sensitive  to  acids,  and  without  these  salts  the 
acids  normally  present  in  the  urethra  and  the  female  reproductive  tract 
would  kill  the  sperm  before  they  could  fertilize  the  egg),  glucose  for  the 
metabolism  of  the  sperm,  and  substances  which  lubricate  the  passages 


through  which  the  sperm  travel.  ,  .1 

The  urethra  is  a  tube  leading  from  the  urinary  bladder  to  the  outside 
of  the  body.  In  the  male  the  last  part  of  it  runs  through  the  penis, 
the  external  reproductive  organ,  just  above  and  in  front  of  the  scrota 
sac  Within  the  penis  the  urethra  is  flanked  by  three  co  umns  of  erectile 
tissue  which  is  spongy  and  thus  capable  of  being  filled  with  blood. 
Ordinarily,  the  spaces  of  the  spongy  tissue,  though  containing  blood  ar 
not  distended,  but  during  sexual  excitement  the 

blood  spaces  dilate,  while  the  veins  draining  them  eonstriet  so  ha 

snaccs  are  filled  with  blood  under  pressure,  his  causes  the  penis 
spaces  are  u  ;1  to  become  hard  and  erect,  and  thus 

”t  the  walls  of  the  vagina,  and  is  due  to  reflex  waves  of  contraction 
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of  the  muscles  of  the  vas  deferens,  the  urethra  and  the  associated 

"'T'r'he  Female  Reproductive  Organs.  The  egg-producing  organs  of  the 
female — the  ovarres-are  held  in  place  by  ligaments  within  the  lower 
part  of  the  abdominal  cavity,  between  the  hips.  Each  of  the  pair  is 
about  the  size  and  shape  of  a  shelled  almond.  When  a  8lrl  r®aches 
puberty  there  are  some  30,000  eggs  in  each  of  her  ovaries  Although 
there  is  some  question  about  it,  the  latest  evidence  indicates  that  no  new 
ones  are  ever  produced  thereafter.  Since  normally  a  woman  ovulates 
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Hg.  159.  Schematic  sagittal  section  of  the  male  pelvic  region,  showing  the  genital  organs 
and  their  relations  to  the  urinary  bladder  and  urethra.  (Turner,  C.  D.:  General  Endo¬ 
crinology.) 


thirteen  times  a  year  for  approximately  thirty  years,  and  but  a  single 
egg  ripens  each  month,*  only  400  or  so  of  these  eggs  ever  reach  maturity 
and  escape  from  the  ovary;  the  rest  degenerate  and  are  absorbed. 

In  contrast  to  the  male  reproductive  tract,  the  female  tract  does  not 
consist  of  a  series  of  connected  ducts.  Instead,  the  egg  is  released  into 
the  abdominal  cavity  at  the  time  of  ovulation  (p.  327) ,  whence  it  passes 
into  one  of  two  tubes,  called  the  oviducts  or  fallopian  tubes  (Fig.  160) 
<ach  of  this  tiny  pair  of  tubes  ends  in  a  funnel-shaped  enlargement 
which  normally  covers  a  small  part  of  the  surface  of  the  ovary.  When 
e  egg  has  been  discharged  into  the  body  cavity,  it  normally  is  directed 
into  one  of  these  funnels  by  currents  set  up  by  the  beating  of  cilia  which 

predSa the',r  GggS’  but  thc  ^rnation  »  irregular  and  un- 
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line  the  oviducts.  Rarely,  having  failed  to  enter  the  oviduct,  an  egg 
is  fertilized  within  the  abdominal  cavity,  where,  attached  to  some  organ 
such  as  the  liver,  it  begins  to  develop.  Usually,  when  this  occurs,  devel¬ 
opment  cannot  be  completed  and  the  embryo  must  be  removed  from  its 
position  in  the  abdominal  cavity;  there  have  been  instances,  however,  of 
such  embryos  completing  development  and  being  “born”  by  means 
of  a  surgical  operation  on  the  mother. 

The  two  oviducts  empty  directly  into  the  upper  corners  of  a  pear- 
shaped  organ,  the  uterus  or  womb,  the  primary  function  of  which  is  to 
house  the  developing  embryo  until  the  time  of  birth.  This  organ,  which 
lies  in  the  middle  of  the  lower  part  of  the  abdominal  cavity  (Fig.  160). 
just  behind  the  urinary  bladder,  is  about  the  size  of  a  clenched  fist,  and 
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MAJUS 

Fig.  160.  Schematic  sagittal  section  of  the  female  pelvic  region,  showing  the  genital  organs 
and  their  relations  to  the  urinary  bladder  and  urethra.  (Turner,  C.  D..  ener 
crinology.) 


has  thick  muscular  walls  and  a  mucous  lining  richly  supplied  with  blood 
vessels.  From  the  center  of  its  lower  end  a  single  muscular  tube  the 
vagina,  passes  to  the  outside  of  the  body.  The  vagina  is  many  times 
larger  than  any  other  tube  previously  mentioned  in  this  chapter^  ™ 
it  serves  both  as  receptacle  for  the  sperm,  and  so  mus  a 
the  penis,  and  as  birth  canal  when  the  prenatal  development  is  com 
plete.  The  uterus  terminates  in  a  muscular  ring,  the  cervix,  w 

jects  a  short  distance  into  the  vagina.  vulva 

J  The  external  female  sex  organs  are  collectively  known  as  t  • 

At  the  lowest  extremity  of  the  torso  in  front,  is  a  massoffatty  tiss 
forming  a  slight  elevation  known  as  the  mens  Veneris.  From  this  poi  . 
I  wo  folds  of  skin  covered  with  hair,  the  labia  majora,  extend  back  and 
Toll  to  enclose  the  opening  of  the  vagina,  and  grow  together  into  a 
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single  tissue  behind  it.  Inside  the  labia  majora  are  two  other  folds  o 
skin,  free  of  hair,  the  labia  minora.  At  the  junction  of  these  two  in  front 
is  a  sensitive,  erectile  organ,  about  the  size  and  shape  of  a  small  pea. 
This  is  the  clitoris,  an  organ  homologous  to  the  penis  of  the  male;  that 
is,  it  develops  from  the  same  embryonic  structure  from  which  the  penis 
develops,  and,  similarly,  it  contains  spongy  tissue  capable  of  becoming 
engorged  with  blood  during  sexual  excitement.  Unlike  the  male  organ, 
however,  its  only  function  is  excitatory.  Behind  the  clitoris  is  the  open¬ 
ing  of  the  urethra,  which  in  the  human  female  has  only  a  urinary  func¬ 
tion,  and  behind  that  the  much  larger  opening  of  the  vagina.  Before  the 
first  sexual  intercourse,  the  latter  opening  is  usually  closed  by  a  thin 
membrane,  called  the  hymen,  but  disease  or  accident  may  destroy  this 
in  childhood. 

3.  Fertilization.  In  the  act  of  sexual  intercourse  or  copulation  the  erect 
penis  is  inserted  into  the  vagina,  where  it  ejaculates  about  200,000,000 
sperm.  The  sperm  travel  up  the  vagina  and  into  the  uterus  partly  under 
their  own  power  and  partly  by  force  of  the  muscular  contractions  of  the 
walls  of  these  organs.  Most  of  the  sperm  become  lost  on  the  journey, 
but  a  few  find  their  way  to  the  openings  of  the  oviducts  and  swim  up 
them.  Sperm  have  the  ability  to  swim  against  a  current,  and  the  same 
current  which  draws  the  egg  from  the  abdominal  cavity  into  the  oviduct 
probably  assists  them  in  finding  their  way.  If  ovulation  has  occurred 
shortly  after  or  before  copulation,  the  egg  which  passes  into  the  oviduct 
probably  will  be  fertilized  by  one  of  the  sperm.  Fertilization  usually 
occurs  in  the  upper  third  of  the  oviduct;  by  the  time  the  egg  reaches 
the  lower  part  of  the  oviduct  it  has  lost  the  capacity  to  be  fertilized. 
Only  one  of  the  millions  of  sperm  deposited  at  each  ejaculation  fertilizes 
a  single  egg. 


Each  human  egg  is  surrounded  by  a  layer  of  cells  (derived  from  the 
follicle)  called  the  corona,  radiata,  which  must  be  pierced  before  a  sperm 
is  able  to  unite  with  the  egg.  The  individual  cells  of  the  layer  are  held 
together  by  a  complex  organic  substance  known  as  hyaluronic  acid, 
which  is  acted  upon  by  the  enzyme  hyaluronidase.  Since  each  sperm 
contains  only  a  small  amount  of  hyaluronidase,  it  requires  the  combined 
supply  of  several  hundred  thousand  sperm  to  break  down  the  hyaluronic 
acid  and  separate  some  corona  radiata  cells,  in  order  that  one  sperm 
may  enter  and  fertilize  the  egg.  As  soon  as  the  egg  has  united  with  a 
^nerm,  it  develops  a  membrane  which  prevents  the  entrance  of  others 
Ihe  unused  sperm  and  the  unfertilized  eggs  die  in  the  oviducts  or 
uterus  and  are  removed  by  white  corpuscles. 

n,  i°:,many  factors  are  workin*  against  it,  it  seems  re¬ 

markable  that  fertilization  ever  does  occur,  and  indeed,  man  is  a  com¬ 
paratively  infertile  animal.  The  best  evidence  available  at  present  in- 

twentv  four  ,Sf  ™.  rem;','"  alive  ret*i"  their  ability  to  fertilize  for 
twenty-four  to  forty-eight  hours  at  most  after  having  been  deposited 

in  the  female  tract,  while  the  egg  loses  its  ability  to  be  fertilized  about 
twenty-four  hours  after  ovulation.  Thus  the  period  durimr  th*>  m  f  i 
month  when  fertilization  can  occur  is  bM^’ the  sperm 
are  extremely  delicate;  their  cytoplasm  contains  ™«,  ^resourS  o7  fcod 
and.  being  sensitive  to  heat,  they  die  quickly  at  body  temperature  Stdi 


The  Reproductive  Process 

another  hazard  lies  in  the  leukocytes  of  the  vaginal  epithelium,  which 
always  engulf  countless  millions  of  sperm.  It  is  only  because  copulation 
is  so  frequent  and  so  many  sperm  are  deposited  at  each  ejaculation,  that 
the  human  race  is  able  to  maintain  itself  as  well  as  any  other  species. 

After  fertilization  has  occurred,  the  zygote,  while  passing  down  the 
oviduct  to  the  uterus,  begins  to  divide  (Fig.  161) .  Eight  to  ten  days 
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elapse  from  the  time  the  egg  is  fertilized  until  it  is  m  the 

uterine  wall.  Of  this  time,  about  four  days  are  required  o  the  pa  g 
down  the  oviduct;  and  until  it  is  firm ft  “J *“*eV„ds  towT  as 

embryo  “  ^o)' Implantation  the  embryo  consists  of  a 

cluster 'of1  sever^himdred  cells  derived  by  division  from  the  single, 
original,  fertilized  egg. 
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4.  Implantation.  The  implantation  of  the  developing  embryo  in  the 
lining  of  the  uterus  is  a  process  that  involves  activity  on  the  part  of 
both  embryo  and  uterine  lining.  The  embryo  secretes  a  substance  which 
destroys  a  few  of  the  cells  of  the  lining  and  then  penetrates  at  that 
point.  This  stimulates  the  uterine  tissues  to  grow  and  surround  the 
embryo.  It  is  possible  to  get  this  imbedding  reaction  by  pricking  the 
lining  of  the  uterus  with  a  glass  needle;  when  a  rat  is  treated  in  this  way, 
the  uterus  develops  just  as  though  an  embryo  were  present  and  the 


rat  undergoes  a  short  pseudopregnancy.  . 

5.  Nutrition  of  the  Embryo.  After  implantation  in  the  uterine  lining, 
the  embryo  continues  to  develop,  at  first  obtaining  its  nourishment 
by  chemically  breaking  down  the  cells  of  the  uterine  wall  immediately 
around  it,  and  later  by  extracting  the  nutritional  essentials  from  the 
blood  stream  of  the  mother,  via  the  blood  vessels  of  the  placenta. 

The  new  human  being  develops  only  from  the  cells  which  lie  along 
one  side  of  the  hollow  ball  originally  implanted  in  the  uterus;  the  other 
cells  form  membranes  which  nourish  and  protect  the  developing  child 
and  eventually  form  part  of  the  “afterbirth.”  The  problem  of  supplying 
the  embryo  with  food  during  development  has  been  solved  in  different 
ways  by  the  several  groups  of  vertebrates. 

Fish  and  amphibia  produce  relatively  large  eggs,  containing  yolk  to 
supply  the  necessary  proteins,  fats  and  carbohydrates;  these  eggs  are 
laid  and  develop  in  water,  whence  they  obtain  oxygen,  salt,  and  water 
itself.  The  embryos  of  these  animals  have  a  pouchlike  outgrowth  of  the 
digestive  tract,  known  as  the  yolk  sac,  which  grows  around  the  yolk, 
digests  it,  and  makes  it  available  to  the  rest  of  the  organism. 

The  higher  vertebrates,  reptiles  and  birds,  have  developed  a  repro¬ 
ductive  system  involving  eggs  which  can  be  laid  on  land.  Such  eggs 
require  a  hard  shell  to  protect  them  from  excessive  drying,  due  to  loss 
of  water,  and  have  additional  membranes  for  the  protection  and  nutri¬ 
tion  of  the  embryo.  The  familiar  “white”  of  the  hen’s  egg  is  an  extra 
store  of  protein  and  water  to  carry  the  embryo  through  to  the  time 
of  hatching.  Both  the  shell  and  the  white  of  the  eggs  of  reptiles  and 
birds  are  secreted  by  glands  located  in  the  wall  of  the  oviducts  while 
the  egg  is  passing  down  these  tubes. 


6.  The  Embryonic  Membranes.  Since  the  embryos  of  reptiles,  birds 
and  mammals  do  not  develop  in  the  water  as  their  fish  and  amphibian 
ancestors  did,  several  embryonic  membranes  have  evolved  to  enfold  the 
embryo  and  protect,  support  and  nourish  it.  These  membranes,  called 
the  amnion,  the  chorion  and  the  allantois,  are  sheets  of  livino  tissue 
growing  out  of  the  embryo  itself— the  amnion  and  chorion  out  of  the 
body  wall  to  enfold  the  embryo  (Fig.  162),  and  the  allantois  out  of  the 
digestive  tract  to  function  in  the  absorption  of  food. 

The  formation  of  the  amnion  is  a  complex  process,  differing  in  detail 
SpevC,CS’  bu.t.1^  aU  11  is  essentially  an  outfolding  of  the  body 

above  it  ;PL  S  TU  g'°WS  ar°"n<,1  !he  embryo  to  meet  a"d  ^se 
"1  i  g'  space  created  between  the  embryo  and  the 

amnion  known  as  the  amniotic  cavity,  becomes  filled  with  a  clear 

watery  fluid  secreted  by  both  the  embryo  and  the  membrane  Thus 

embryos  of  the  'higher  vertebrates  reach  the  birth  stage  enclosed  in  a 
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small  pool  within  the  shell  or  uterus.  The  amniotic  fluid  acts  as  a  pro¬ 
tective  cushion  which  absorbs  shocks  and  prevents  the  amniotic  mem¬ 
brane  from  sticking  to  the  developing  embryo,  while  permitting  the 
organism  a  certain  freedom  of  motion.  During  the  birth  process  of 


Fi„  s,.DS  in  the  formation  of  the  embryonic  membranes-amnion  chorion,  yolk  sac 
and'allantois— In  a  pical  mammal  such  as  a  pig.  Arrows  indicate  direct, on  of  growth  and 


folding. 


human  beings,  pressure  of  the  amniotic  fluid  helps  t0  the  "eck 

the  uterus-  later,  the  amnion  normally  ruptures,  releasing,  shortly  be 
the  fetus  is  born  about  a  quart  of  amniotic  fluid,  the  so-called  wate  . 
Sometimes  the  amnion  falls  to  burst,  and  the  child  .s  born  wtth  >  st.ll 
enveloping  its  head.  It  is  then  popularly  known  as  a  caul, 

S°The  amuton  develops'from*  the  inner  part  of  the  original  fold  from 
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the  inner  surface  of  the  shell,  and  in  mammals  it  is  established  next  to 
the  cells  of  the  uterine  wall. 

The  allantois,  like  the  yolk  sac,  is  an  outgrowth  of  the  digestive  tra  ¬ 
it  grows  between  the  amnion  and  chorion  and,  in  animals  like  the  ch  c  , 
where  it  is  a  large  and  functional  membrane,  fills  almost  all  the  space 
between  these  two.  The  allantois  of  the  chick  fuses  with  the  chorion  to 
form  a  compound  membrane,  full  of  blood  vessels,  by  means  o  w  ic 
the  embryo  takes  in  oxygen,  gives  off  carbon  dioxide  and  excretes  waste 
products.  Since  the  embryo  “breathes”  through  the  shell,  it  will  suffocate 
if  the  shell  is  coated  with  wax.  In  the  human,  the  allantois  is  small  and 
nonfunctional,  except  for  furnishing  blood  vessels  to  the  placenta,  an 
the  yolk  sac  is  completely  nonfunctional.  When  the  chick  hatches  from 
the  shell,  or  when  the  child  is  born,  most  of  the  allantois  and  all  the 
other  membranes  are  discarded.  But  the  base  of  the  allantois,  the  part 
connected  to  the  digestive  tract  originally,  remains  within  the  body 


and  is  converted  into  part  of  the  urinary  bladder. 

As  the  human  embryo  grows,  the  region  on  the  ventral  side  from  which 
the  folds  of  the  amnion,  the  yolk  sac  and  the  allantois  grew,  becomes 
relatively  smaller,  and  the  edges  of  the  amniotic  folds  come  together  to 
form  a  tube  which  encloses  the  other  membranes.  This  tube  is  the 


umbilical  cord,  which  contains,  in  addition  to  the  yolk  sac  and  allantois, 
the  large  blood  vessels  through  which  the  embryo  obtains  nourishment 
from  the  wall  of  the  uterus.  The  umbilical  cord  is  composed  chiefly  of  a 
peculiar  jelly-like  material  found  nowhere  else.  It  is  about  half  an  inch 
in  diameter  and  about  2  feet  long.  It  is  usually  twisted  spirally,  and  in 
its  contortions  before  birth,  the  fetus*  sometimes  passes  through  a  loop 
of  the  cord  and  actually  ties  a  knot  in  it. 

7.  The  Placenta.  The  outer  surface  of  the  chorion,  in  man  and  the 
higher  mammals,  is  thin  over  most  of  its  surface,  but  at  the  outer 
extremity  of  the  umbilical  cord  it  develops  a  number  of  finger-like 
projections,  known  as  villi,  which  grow  into  the  tissue  of  the  uterus. 
These  villi,  plus  the  tissues  of  the  uterine  wall  in  which  they  are  im¬ 
bedded,  make  up  the  organ  known  as  the  placenta,  by  means  of  which 
the  developing  embryo  obtains  food  and  oxvgen  and  gets  rid  of  carbon 
dioxide  and  metabolic  wastes  (Fig.  103).  These  processes  can  be  ac¬ 
complished  because  of  the  many  capillaries  in  the  villi  which  receive 
blood  from  the  embryo  by  way  of  one  of  the  two  umbilical  arteries, 
and  return  it  to  the  embryo  by  way  of  the  umbilical  vein.  The  part 
of  the  uterine  wall  which  makes  up  the  placenta  is  a  mass  of  spongy 
tissue  filled  with  blood  which  originates  in  the  mother’s  blood  stream. 
The  bloods  of  the  mother  and  fetus  do  not  mix  at  all  in  the  'placenta  or 
any  other  place;  the  blood  of  the  fetus  in  the  capillaries  of  the  chorionic 
villi  comes  in  close  contact  with  the  mother’s  blood  in  the  tissues  be¬ 
tween  the  villi,  but  they  are  always  separated  by  a  membrane,  through 
which  substances  must  diffuse.  As  the  embryo  develops,  the  placenta 
necessarily  grows  too.  At  the  time  of  birth,  it  is  a  thick,  circular  disc, 


*  As  so°n  as  the  zygote  or  fertilized  egg  begins  to  divide,  it  is  called  an  embryo  After 
he  embryo  has  begun  to  resemble  a  human  being  (some  two  months  after  fertilization) 
it  >s  referred  to  as  a. fetus  until  the  time  of  birth. 
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about  7  inches  in  diameter,  1  inch  thick,  and  weighing  about  a  pound. 
Besides  serving  as  the  nutritive,  respiratory  and  excretory  organ  of  the 
fetus,  the  placenta  is  an  important  endocrine  gland  (see  p.  328) . 

The  uterus  also  increases  in  size  as  the  fetus  grows,  and  by  the  end 
of  nine  months  its  mass  is  twenty-four  times  as  great  as  at  the  beginning 
of  pregnancy.  After  six  months  of  fetal  development  the  upper  end  of 
the  uterus  is  on  a  level  with  the  navel;  by  eight  months  it  is  as  high 
as  the  lower  edge  of  the  breastbone.  Within  the  uterus  the  fetus  assumes 
a  characteristic  position  with  elbows,  hips  and  knees  bent,  arms  and  legs 
crossed,  back  curved,  and  the  head  bowed  and  turned  to  one  side.  At 
birth  the  fetus  usually  is  turned  head  downwards  so  that  its  head 


Fig  163  The  “afterbirth,”  consisting  of  the  placenta,  umbilical  cord,  and  associated  fetal 
membranes  (one  third  natural  size)  .  A ,  View  of  the  surface  towards  the  fetus.  B,  Section 
of  the  surface  towards  the  uterine  wall.  (Arey.) 


emerges  first,  but  occasionally  the  buttocks  or  feet  are  presented  first, 

making  delivery  more  difficult.  .  .  .  .  .  ,  •  .u  nr 

8  Birth.  The  factors  which  actually  initiate  the  process  of  birt 

parturition  after  the  period  of  pregnancy  is  complete  are  unknown. 
Childbirth  begins  with  a  long  series  of  involuntary  cuntrac]'°"  , 
uterus,  experienced  as  “labor  pains.”  Labor  may  be  d.vnled  into  three 
periods  During  the  first  one,  which  lasts  about  twelve  hou  , 
tractions  of  the  uterus  move  the  fetus  down  toward  the  cervix,  and 
cause  the  latter  to  dilate,  enabling  the  fetus  to  pass  thro  8  •  J  fl  id 
of  this  period  the  amnion  usually  ruptures,  releasing  the  ammotic  tlu  - 
which  flows  out  through  the  vagina.  In  the  second  period,  wh.c  nor¬ 
mally  lasts  between  twenty  minutes  and  a"  ^°  •  ,?  164).At 

nut,  the  contractions  of  the  uterus 
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squeeze  much  of  the  fetal  blood  from  the  placenta  back  into  the  infant 
After  a  few  minutes  the  pulsations  in  the  umbilical  coul  cease  and 
cord  is  ready  to  be  tied  and  cut,  severing  the  child  from  the  mother. 


hg.  164.  Models  showing  the  process  of  birth.  (From  the  Dickinson-Belski  series  tt 
Maternity  Center  Assocat.on.)  A,  Head  passing  through  the  dilated  cervix  of  the  uteri 

R  M  w  ^  °f  ,thC  V£fina-  B'  Head  Pass*nS  through  opening  of  vagina.  (Pattei 
B.  M.:  Human  Embryology,  The  Blakiston  Co.)  *  V 


1  he  stump  of  the  cord  gradually  shrivels  until  nothing  remains  but  the 
depressed  scar,  the  navel.  During  the  last  stage  of  labor,  which  lasts  ten 
or  fifteen  minutes  after  the  birth  of  the  child,  the  placenta  and  the  fetal 
membranes  are  loosened  from  the  lining  of  the  uterus  by  another  series 
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oi  contractions^  and  expelled.  At  this  stage  they  are  called  collectively 
ie  atterbirth.  In  man  and  certain  other  mammals  this  is  accompanied 
oy  some  loss  of  blood,  for  part  of  the  lining  of  the  uterus  is  torn  away 
with  the  atterbirth.  in  other  mammals,  where  the  connection  between 
me  tetal  membranes  and  uterine  wall  is  not  so  close,  the  placenta  can 
pull  away  from  the  uterine  wall  without  causing  bleeding.  After  birth 
the  size  of  the  uterus  decreases,  while  its  lining  is  rapidly  restored. 

In  general,  women  of  civilized  countries  have  more  difficulty  during  ' 
childbirth  than  do  the  women  of  primitive  tribes,  and  they  frequently 
require  artificial  aid  in  being  delivered.  The  physician  present  at  birth, 
called  an  obstetrician,  sometimes  administers  drugs,  such  as  the  hormone 
of  the  posterior  lobe  of  the  pituitary,  to  increase  the  contractions  of  the 
uterus,  or  he  may  have  to  assist  the  expulsion  of  the  child  by  using  a 
pair  of  forceps  to  draw  it  out.  In  some  women  the  aperture  between  the 
pelvic  bones,  through  which  the  vagina  passes,  is  too  small  to  permit  the 
passage  of  the  baby.  In  such  cases  the  child  must  be  delivered  by  an 
operation  in  which  the  abdominal  wall  and  uterus  are  cut  open  from  the 
front.  This  is  the  “caesarean  operation,”  so  called  because  Julius  Caesar 
was  reputed  to  have  been  born  in  this  way. 

In  a  little  more  than  20  per  cent  of  all  known  pregnancies  the  infant 
is  born  before  it  is  prepared  to  carry  on  an  independent  existence.  When 
this  occurs,  the  birth  is  called  an  abortion  or  miscarriage.  Such  births 
are  caused  by  improper  implantation  of  the  embryo,  by  faulty  func¬ 
tioning  of  the  placenta,  or  by  injury  to  the  mother. 

Among  mammalian  species  there  are  great  differences  as  to  the  con¬ 
dition  of  the  young  at  birth.  The  newborn  of  some  species,  such  as  the 
rat,  are  blind,  hairless  and  helpless,  while  others,  such  as  the  guinea  pig, 
are  well  developed  and  able  to  walk  and  eat  solid  food.  There  is  also 
great  variation  in  the  weight  of  the  newborn  in  comparison  to  the 
mother’s  weight:  a  newborn  polar  bear  weighs  0.1  per  cent  of  its  mother’s 
weight;  a  newborn  human  weighs  about  5  per  cent  as  much  as  its 
mother;  and  a  newborn  bat  may  weigh  as  much  as  33  per  cent  of  its 


mother’s  weight.  . 

9.  Nutrition  of  the  Infant.  The  enlargement  of  the  breasts  during 
pregnancy  and  the  onset  of  milk  secretion  occur  under  the  stimulus  of 
hormones  from  the  ovary  and  the  anterior  pituitary,  but  the  continua¬ 
tion  of  the  milk  secretion  depends  upon  the  presence  of  a  suckling  child. 
Jf  the  newborn  infant  is  not  breast-fed,  the  breasts  stop  secreting  milk 
•ifter  a  few  days  and  decrease  in  size.  Otherwise,  they  continue  to  yield 
milk  for  six  to  nine  months  or  even  longer.  Formerly,  it  was  not  infre¬ 
quent  for  women  to  nurse  their  children  for  as  long  as  a  year  and  a  hal  . 

As  everyone  knows,  milk  is  an  excellent  food,  containing  proteins, 
fats  and  carbohydrates.  But  it  is  deficient  in  some  things,  esp«naUy 
iron  and  vitamins  C  and  D,  so  that  at  the  present  time  an  infant  s  diet 
is  usuallv  supplemented  after  the  first  month  or  so  with  eggs  suPPb 
iron,  and  orange  juice  and  cod  liver  oil  to  supply  the  v'”' T £  “ £ 
of  various  species  differs  in  its  content,  and  often  it  is  difficult  to  ra 
"  human  infant  on  cow's  milk,  because  the  latter  has  more  protein  and 
less  sugar  than  human  milk.  Usually,  by  diluting  cow  s  milk  and  addin 
lugar  to  approximate  the  content  of  human  milk,  an  acceptable  formub 

can  be  made  up. 
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QUESTIONS 

1.  How  are  eggs  and  sperm  adapted  structurally  for  their  respective  functions? 

2.  Distinguish  between  copulation  and  fertilization. 

3.  How  is  the  seminal  fluid  produced?  , 

4.  Describe  the  movements  of  the  egg  from  the  time  it  is  released  by  the  ovary. 

5.  Trace  the  path  of  a  sperm  from  the  festis  to  its  union  with  the  egg. 

6.  What  are  the  amnion,  chorion  and  allantois? 

7.  How  is  the  umbilical  cord  formed? 

8.  What  is  the  “afterbirth?” 
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CHAPTER  21 


EMBRYONIC  DEVELOPMENT 

ONE  OF  the  most  remarkable  of  all  biological  phenomena  is  the 
division  and  growth  of  a  fertilized  egg  into  the  wonderfully  com¬ 
plex,  interdependent  system  of  organs  which  is  the  adult  animal.  The 
wonder  lies  not  only  in  the  fact  that  the  organs  are  complicated  and  are 
reproduced  in  each  new  individual  with  such  fidelity,  but  that  many 
of  them  begin  to  function  while  they  are  still  developing.  The  fetal 
heart,  for  instance,  begins  to  beat  during  the  fourth  week,  long  before 
its  development  is  complete. 

The  science  of  embryology  has  been  based  upon  developmental  studies 
of  such  animals  as  the  chick,  frog  and  monkey,  for  until  recently 
no  early  human  embryos  were  available  for  study.  At  the  present  time 
the  earliest  to  have  been  studied  was  ten  days  old,  taken  approximately 
two  days  after  implantation.  It  is  believed  that  earlier  human  develop¬ 
ment  is  probably  much  like  the  monkey’s,  whose  embryology  is  well 
delineated. 

Although,  in  the  primary  stages,  the  development  of  all  multicellular 
animals  is  similar,  that  of  the  human  and  other  primates  is  marked 
by  certain  peculiarities  due  to  the  embryo’s  being  surrounded  at  an 
early  time  by  the  uterine  wall.  Also,  in  the  primate,  the  embryonic 
membranes — the  amnion,  chorion  and  allantois — form  and  begin  to 

function  precociously.  .  .  .  ,  * 

1.  Types  of  Eggs.  One  important  factor  in  determining  the  type  ot 

development  is  the  amount  of  yolk  or  stored  food  present  m  the  egg 
since  the  yolk,  being  nonliving  and  inert,  will  modify  the  processes 

development  in  the  surrounding  cytoplasm. 

Probably  the  most  primitive  kind  of  egg  is  that  with  a  small  amount 

of  yolk  distributed  more  or  less  evenly  throughout  the  'S'  ‘°P*as“n  ® “'J 
en/s  known  as  isolecithat  (meaning  “equal  yolk  ),  are  found  in  sucl 
animals  as  the  sea  urchin  and  the  primitive,  wormhke  marme  ehordate, 

Another 'type  of  egg,  produced  by  fish,  amphibia,  reptiles  and  birds, 
hat  a  large  amount  ofyolk  massed  toward  the  »  so-caHed  v 

tt  ,r:  cent  *.  ***«- 

restricted  to  a  small  disc  at  the  animal  pole-  ^  ^  yo,k  (Fig. 

Mammalian  eggs,  although  sma  a  develop  more 

165),  so  that  superficially  from 

repos’ whilhtidte  The  loss  of  the  yolk  from  mammalian 
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eggs  is  a  result  of  the  fact  that  the  yolk  is  no  longer  needed  to  nourish 

the  developing  embryo.  „  ,  i  1 

2.  Cleavage.  The  process  by  which  any  single,  fertilized  egg  e  ve  ops 

into  a  many-celled  embryo  is  called  cleavage,  indicating  that  it  actually 
splits  or  divides.  This  division,  called  mitosis,  is  accompanied  by  a  com¬ 
plicated  series  of  processes  within  the  nucleus  and  cytoplasm  ot  the 


I'ig.  165.  A  human  egg  recovered  from  the  oviduct.  The  large  egg  cell  is  surrounded  bv 
the  many  small  cells  which  make  up  the  “corona  radiata”— cells  which  were  originally  part  of 
te  follicle.  J  he  photograph  was  made  in  the  course  of  an  experiment  in  which  tiny  needles 
were  used  to  dissect  away  the  corona  radiata  cells  and  to  dissect  the  egg  itself  The  two 
needles  can  be  seen  in  the  lower  corner  of  the  picture,  dissecting  the  nucleus  out  of  one  of  the 
corona  radiata  cells.  (Magnified  600  times.)  (Courtesy  of  Dr.  William  R  Duryee  ) 


cells,  which  will  be  considered  in  the  chapter  on  heredity.  For  the  time 

*&r*££*zz* only  with  the  larger>  external  changes 

When  a  simple,  isolecithal  egg  is  fertilized,  it  divides  by  mitosis  to 

both1  tbtW°'C  f  em,bry°-  T1;e  line  0f  this  first  divisi°n  pusses  through 
oth  the  animal  and  vegetal  poles  of  the  egg,  splitting  it  down  the 

center  into  two,  equal  cells  (Fig.  166).  This  is  followed  bv  a  second 

cleavage  division,  also  passing  through  both  poles  of  the  cells  (now 
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called  an  embryo),  but  at  right  angles  to  the  first,  which  divides  the 
two  cells  into  four.  The  third  division  is  a  horizontal  one,  at  right  angles 
to  the  other  two  divisions,  which  splits  the  four  cells  into  eight — four 
above  and  four  below  the  line  of  cleavage.  Further  divisions  divide  these 
eight  cells  into  thirty-two,  sixty-four,  128  and  so  on,  but  the  later  divi¬ 
sions  are  usually  somewhat  irregular.  Each  of  the  cells  formed  by  cleav¬ 
age  is  exceedingly  small,  and  the  total  mass  of  all  the  cells  is  less  than 
the  mass  of  the  original  fertilized  egg,  because  some  of  the  stored  food 
is  used  up  in  the  process. 


Fig.  166.  U*W 

Mature  egg  with  polar  body  (1.  •)  •  >  onen  to  show  the  blastocoele  (Bl.). 

-  — 1  - 

cells.  J,  Late  gastrula,  invagination  completed.  (Areyd 


3  Blastula  Formation.  As  the  cells  undergo  further  ..l.vision  a  spher- 
icalmass  is  formed,  in  the  center  of  which  a  cv-y. appears.  Wr  thtjddi 

The  - " 

the  blastula  consists  of  a  single  layer  oce  s-  blastula  is 

4.  Gostrolotion.  Almost  form  called  a  gostrolo. 

“pie,  Mecithal  TS!l  gastrulation  occurs  by  the  pushing  m  (m- 
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vagination)  of  a  section  of  one  wall  of  the  blastula  (Fig.  166).  The 
pushed-in  wall  eventually  meets  the  opposite  wall,  so  that  the  origina 
blastocoele  is  obliterated.  The  new  cavity  of  the  gastrula  is  known  as  the 
archenteron  (meaning  primitive  gut),  because  it  forms  the  rudiment  ol 
what  is  to  become  the  digestive-  system.  This  opens  to  the  outside  by 
the  blastopore,  which  marks  the  place  where  the  indentation  for  gas- 


Fig.  167.  Telolecithal  cleavage  and  gastrulation  in  the  frog,  viewed  from  the  side.  A-D, 
Stages  in  cleavage.  E,  Blastula.  F,  Blastula  cut  open  to  show  blastocoele  (be.) .  G,  Early 
gastrula  (bp.  blastopore) .  //,  Early  gastrula  cut  open  (ect  =  ectoderm;  ent  r=  entoderm, 
be.  =  blastocoele;  bp  =  blastopore) .  (Arey.) 

trulation  began.  The  formation  of  the  two-layered  embryo  is  accom¬ 
panied  by  rapid  growth  and  division  of  the  cells,  and  the  resulting  gas¬ 
trula  is  about  the  same  diameter  and  shape  as  the  blastula  from  which 
it  came. 

dhe  outer  of  the  two  walls  of  the  gastrula  is  called  the  ectoderm  (outer 
skin) ;  it  eventually  gives  rise  to  the  skin  and  nervous  system.  The  inner 
wall,  lining  the  archenteron,  is  known  as  the  entoderm  (inner  skin);  it 


Archenteron  Archenteron 


lug.  168.  Comparison  of  the  process  of  gastrulation.  A,  Amphioxus.  B,  Amphibia.  C,  Bird 

(Arey.) 


-the  liver,  lungs 


finally  becomes  the  digestive  tract,  and  its  outgrowth* 
and  pancreas. 

ofdea^ 
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167) .  This  means  that  the  lower  wall  is  much  thicker  than  the  upper 
wall  and  the  blastocoele  is  displaced  upward. 

Cleavage  divisions  of  the  hen’s  egg  occur  only  in  a  small  disc  of 
cytoplasm  at  the  animal  pole,  the  lower,  yolk-filled  part  of  the  egg  never 
undergoing  cleavage  at  all.  The  blastocoele  formed  is  a  shallow  cavity 
under  the  dividing  cells  (Fig.  168) .  In  both  frog  and  chick,  gastrulation 
does  occur,  with  the  resulting  formation  of  an  archenteron,  but  the  yolk 


(Peripheral  cells  of  D  and 
E  are  arranging  in  a  layer, 
while  fluid  vacuoles  are 
appearing  between  the  in¬ 
ternal  cells.  F  and  G  are 
carts  of  blastocysts  whose 
proportions  are  shown  in 
small,  outline  drawings.) 


E 


Fig.  169.  Stages  in  the  cleavage  of  mammalian  eggs,  photographed  in  hie  hy  Lewi*,  BartA 
man  and  Gregory.  A-C,  Two-,  four-  and  eight-cell  stages  in  the  monkey.  D-G,  Later  stage 
in  the  rabbit,  forty-five  to  eighty  hours  after  ovulation.  (Arey.) 


greatly  modifies  the  simple  process  of  invagination  exhibited  by  the 

isolecithal  egg*  rri.p  porlv  cleavage 

6  Cleavaqe  and  Gastrulation  in  the  Human  Egg.  the  early  cleave 

*.  ,•  /'Pier  lflO)  resembles  that  of  amohioxus  in  for 

I”*,  *.  r -a 

and,  attached  to  one  side  of  this,  an  inner,  solid  ball  of  cells. 
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sphere  is  the  fetal  membrane,  the  chorion,  which  must  form  at  this  early 
stage  in  development  to  unite  with  the  maternal  tissue  ot  the  uterus 
as  implantation  occurs.  The  embryo  and  the  other  embryonic  mem¬ 
branes  develop  from  the  inner,  solid  ball  of  cells.  ^ 

The  inner  ball  proceeds  to  form  a  gastrula,  consisting  of  ectoderm  and 
entoderm,  but  the  process  is  quite  different  from  that  in  the  lower  verte¬ 
brates.  Within  the  inner  cell  mass,  two  cavities  form  simultaneously 
(Fig.  170,  B) .  The  upper  one  is  the  cavity  of  the  amnion,  lined  with  ecto¬ 
derm.  The  lower  one  is  the  cavity  of  both  the  yolk  sac  and  the  primitive 
gut,  lined  with  entoderm.  Between  the  two  cavities  the  cells  spread  out 
in  the  shape  of  a  flat,  two-layered  plate,  from  which  the  embryo  develops. 
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Fig.  170.  Diagrams  of  sections  through  human  embryos  of  ten  to  twenty  days,  showing 

the  formation  of  the  amniotic  and  yolk  sac  cavities,  and  the  origin  of  the  embryonic  disc 
(Arey.) 


At  what  is  to  become  the  posterior  end  of  the  embryo  this  plate  connects 
WMth  the  outer  chorion  by  a  group  of  cells  known  as  the  body  stalk  (Fig. 
170,  D)  Into  this  body  stalk  grows  the  (nonfunctional)  allantois,  which 
has  developed  as  a  tube  from  the  rear  end  of  the  entodermal  (yolk)  sac. 

hus  we  find,  after  about  two  weeks  of  development,  that  the  human 
embryo  consists  of  a  flat  two-layered  disc,  about  y100  inch  across,  and 
a  stalk  which  connects  the  disc  with  the  outer  chorion 

tei7abMrS?dteb,miFr rmati°r  ln  a\animals  (exceI*  sPong^  and  coelen- 
,  ,  ^  ,rd  d^cr  of  cells>  the  mesoderm,  develops  between  the 
ectoderm  and  entoderm.  The  method  of  forming  this  layer  is  quite 
different  in  various  species.  In  amphioxus  it  forms  as  a  series  of  bilateral 
pouches  from  the  entoderm,  which  quickly  lose  their  connection  with  the 
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latter  and  fuse  to  form  a  connected  layer  (Fig.  171).  The  cavity  of  the 
original  pouches  remains  as  the  celom  or  body  cavity. 


A  rchenteron 
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end 
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Fig.  171.  Diagram  illustrating  the  origin  of  the  mesoderm  in  Amphioxus,  by  the  budding 
of  pouches  from  the  primitive  gut.  A,  Sagittal  section  of  early  larva.  B-D,  Cross  sections, 
showing  six  successive  stages  in  mesoderm  formation.  (Arey.) 


In  the  frog  embryo  some  of  the  mesoderm  forms  from  the  entoderm 
of  the  roof  of  the  archenteron,  but  the  major  part  of  it  is  formed  at  the 
upper  lip  of  the  blastopore,  where  ectoderm  and  entoderm  meet  (Iig. 


„  Origin  of  the  notochord  and  mesoderm  in  the  frog.  A,  Sagittal  section.  B,  Cross 


in)  This  region  is  one  of  especially  active  proliferation  of  cells  and  also 
gives  rise  to  some  additional  ectoderm  and  entodem.  ents 
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where  no  blastopore  forms,  a  structure  known  as  the  primitive  streak 
forms  on  the  gastrula.  In  the  human  embryo  the  primitive  streak  (F  g. 
173)  is  a  thickened  band  of  ectoderm  and  entoderm  layers  extending 
forward  from  the  body  stalk,  marking  the  longitudinal  axis  of  the  body. 
When  cells  of  this  band  proliferate,  some  migrate  out  laterally  between 
the  ectoderm  and  entoderm  layers  to  form  the  mesoderm.  The  primitive 
streak  is  a  center  of  growth  for  ectoderm  and  entoderm  as  well  as  lor 
mesoderm,  and  apparently  in  some  way  determines  the  position  and 
order  of  appearance  of  the  various  parts  of  the  embryo.  In  front  of  the 
anterior  end  of  the  streak,  the  head  and  trunk  develop.  The  streak  itself 
does  not  increase  in  length,  but  gradually  decreases  as  the  rest  of  the 
embryo  grows,  until  it  finally  disappears  in  the  tail  region. 


Cut 
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Fig.  173.  A  human  embryo  in  the  primitive  streak  stage.  The  head  end  is  uppermost.  The 
beginning  of  the  body  stalk,  which  attaches  the  embryo  to  the  surrounding  chorion,  is  at  the 
bottom  of  the  photograph.  (Arey.) 


Regardless  of  how  the  mesoderm  originates,  it  splits  into  two  sheets 
which  grow  laterally  and  anteriorly  between  the  ectoderm  and  entoderm; 
one  of  these  sheets  attaches  itself  to  the  ectoderm,  the  other  to  the 
entoderm.  The  cavity  between  the  two  mesodermal  sheets  becomes  the 
celom  or  body  cavity,  and  when  the  digestive  tract  becomes  separated 
as  a  tube  from  the  yolk  sac  cavity,  the  mesoderm  grows  around  it  (Fig 
174) .  The  layer  of  mesoderm  associated  with  the  ectoderm  forms  the 
muscles  of  the  body  wall,  and  the  mesodermal  sheet  associated  with  the 
entoderm  forms  the  muscles  of  the  digestive  tract.  The  entoderm  itself 
forms  only  the  inner  lining  of  the  digestive  system 

8.  The  Notochord.  The  notochord  is  a  flexible,  unsegmented,  skeletal 
rod  which  extends  longitudinally  along  the  dorsal  midline  of  all  chordate 
embryos  and  is  formed  at  the  same  time  as  the  mesoderm.  Its  exact 
method  of  formation  differs  from  species  to  species,  as  does  that  of  the 

The  name  chordate  refers  to  all  animals  having  notochords  includimr  f  i 

Lp&U  o„^°“’  WOrm',ke  animaU  WhiCh  have  “rds  but  "»  verlwS 

19 
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mesoderm.  In  amphioxus  it  is  formed  from  the  entoderm  as  a  bud,  like 
those  which  produce  the  mesodermal  pouches.  It  lies  dorsal  to  the  gut 
and  just  below  the  developing  nervous  system.  In  the  chick  and  mam¬ 
mals  it  forms  as  an  anterior  outgrowth  of  the  primitive  streak.  In  all 
vertebrates  the  notochord  is  a  short-lived  structure,  eventually  replaced 
by  the  vertebral  column,  but  in  some  lower  vertebrates  remnants  of  it 
can  be  found  between  the  vertebrae  even  in  adult  animals. 

9.  Development  of  the  Nervous  System.  Although  the  two-week  old 
human  embryo  is  a  simple  flat  disc,  the  two-month  embryo  has  nearly 


Fig  174.  Stages  in  the  origin  of  body  form  and  the  growth  of  mesoderm  around  the  diges¬ 
tive  tract  in  man. 


all  its  structures  in  rudimentary  form.  We  shall  now  consider  how  the 
brain  and  spinal  cord,  which  are  among  the  earliest  organs  to  appear 
come  into  existence.  At  about  the  third  week  the  ectoderm  just  ove 
the  notochord  in  front  of  the  primitive  streak  develops  a  thickene 
Ste  Teens  called  the  neural  plate.  The  center  o  ^"ut 

PrSedfThde  neural  ^  folds  which  meet  at 

when  viewed  from 

Gradually,  these  folds  come  together  at  the  top  f  «  the 

tube.  The  cavity  of  the  an tenor  part  of  this .  t  bccomes 

ventricles  of  the  brain,  w  u  e  t  t*  ■  ■  j  d  The  brain  region 
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The  anterior  part  of  the  neural  tube,  which  gives  rise  to  the  brain,  is 
much  larger  than  the  posterior  part,  and  continues  to  grow  so  rapidly 
that  the  head  region  comes  to  bend  down  at  the  front  end  of  t  e 
embryonic  disc.  All  the  regions  of  the  brain— forebrain,  midbrain  and 
hindbrain— are  established  by  the  fifth  week  of  development,  and  a 
week  or  two  later  the  outgrowths  which  will  form  the  large  cerebral 

hemispheres  begin  to  grow.  .  . 

The  various  motor  nerves  of  the  body  grow  out  of  the  brain  or  spinal 
cord  but  the  sensory  nerves  have  a  separate  origin.  When  the  neural 
folds  fuse  to  form  the  neural  tube,  bits  of  nervous  tissue,  known  as  the 
neural  crest,  are  left  over  on  each  side  of  the  tube  (Fig.  175)  .  These 
migrate  downward  from  their  original  position  and  form  the  dorsal  root 
ganglia  of  the  spinal  nerves  and  the  sympathetic  ganglia.  From  cells 
in  the  dorsal  root  ganglia  grow  sensory  nerves  sending  dendrites  out  to 
the  sense  organs,  and  axons  in  to  the  spinal  cord. 
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Fig.  175.  the  origin  of  the  neural  tube  and  the  neural  crest 
the  dorsal  roots  and  the  sympathetic  nerves) ,  as  shown  by 
embryos  of  successively  later  stages.  (Arey.) 


(which  forms  the  ganglia  of 
cross  sections  from  human 
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10.  The  Development  of  Body  Form.  The  conversion  of  the  two-week- 
old  flat  disc  into  a  roughly  cylindrical  embryo  is  accomplished  by  three 
processes:  (a)  the  growth  of  the  embryonic  disc,  which  is  more  rapid 
than  the  growth  of  the  surrounding  tissue;  (b)  the  underfolding  of  the 
embryonic  disc,  especially  at  the  front  and  hind  ends;  and  (c)  the  con¬ 
striction  of  the  ventral  body  wall  to  form  the  future  umbilical  cord. 

Growth  is  rapid  at  the  front  end  of  the  embryonic  disc,  and  soon  the 
head  regton  bulges  forward  from  the  original  embryonic  area  (Fig.  176). 
Ihe  tail  which  even  human  embryos  have  at  this  stage,  bulges  to  a 
lesser  extent  over  the  posterior  end.  The  sides  of  the  disc  grow  down- 
ward,  eventually  to  form  the  sides  of  the  body.  The  embryo  becomes 
longated  because  growth  is  more  rapid  at  the  head  and  tail  ends  than 

,  :v'  The  enlarR"'g  Of  the  embryo  has  been  compared  to  the  increase 

of  size  in  a  soap  bubble  blown  from  a  pipe,  which,  as  it  grows  swell  out 
n  all  directions  above  the  mouth  of  the  pipe  (the  yolk  sac)  What  i 

£sceCa°nde  thm0,,'th  and  h6art  °riginally  lies  in  front  the  embryonic 
disc,  and  as  the  disc  grows  and  bulges  over  the  tissues  in  front  the 
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mouth  and  heart  swing  underneath  to  the  ventral  side  (Fig.  177).  A 
similar  underfolding  occurs  at  the  posterior  end.  By  such  growth  and 
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l'ig.  176.  Dorsal  views  of  two  human  embryos  about  twenty-one  days  old.  A,  The  Ingalls 
embryo,  1.4  mm.  long,  and  B,  the  Payne  embryo,  2.2  mm.  long.  (Arey.) 


underfoldings  the  lateral  and  eventually  the  ventral  walls  of  the  body 
are  formed,  and  the  embryo  becomes  more  or  less  cylindrical  in  shape. 
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While  the  embryo  is  still  a  simple  disc,  its  entire  under  surface  is  open 
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‘  i  pnnQtnrtinff  the  yolk  sttilk  and  the  body  stalk 

grows  to  enclose  it,  finally  constricting  me  „„i;«r1r5rnl 

Ivith  its  allantois  and  blood  vessels)  together  into  a  single  cylindrical 
tube  the  umbilical  cord.  This  takes  place  about  four  weeks  after  devel¬ 
opment  is  commenced,  and  allows  the  embryo  to  float  free  in  the  liquit  - 
filled  amniotic  cavity,  connected  to  the  chorion  and  placenta  only  by 
the  umbilical  cord  (Fig.  178). 
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Fig.  178.  Stages  in  the  development  of  the  umbilical  cord  and  body  form  in  the  human 
embryo.  The  solid  lines  represent  layers  of  ectoderm;  the  dashed  lines,  mesoderm;  and  the 
dotted  lines,  entoderm. 

The  month-old  embryo,  which  is  about  one-fifth  of  an  inch  long,  is 
now  recognizable  as  a  vertebrate  of  some  kind.  It  has  become  cylindrical 
with  a  relatively  large  head  region,  and  with  prominent  gills  and  a  tail 
Meanwhile,  blocks  of  muscle,  known  as  somites,  are  forming  rapidly  in 
the  mesoderm  on  either  side  of  the  notochord,  and  the  beating  heart 
is  present  as  a  large  bulge  on  the  ventral  surface  behind  the  <dlls.  The 
arms  and  legs  are  still  mere  buds  on  the  sides  of  the  body. 

By  the  end  of  six  weeks  the  embryo  is  about  half  an  inch  long-  the 

head  beg, ns  to  be  d.fferentiated;  the  arms  and  legs  have  grown  out,  but 
the  tail  and  gills  are  still  present. 

At  the  end  of  two  months  of  growth,  when  the  embryo  is  an  inch  long. 
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it  begins  to  look  definitely  human.  The  face  has  begun  to  develop,  show¬ 
ing  the  rudiments  of  eye,  ear  and  nose.  The  arms  and  legs  have  devel- 


Fig.  179.  Stages  in  the  development  of  the  human  arm  (upper  row)  and  leg  (lower  row), 
between  the  fifth  and  the  eighth  weeks.  (Arey.) 

oped,  at  first  resembling  tiny  paddles,  but  by  this  stage  with  the  begin¬ 
nings  of  fingers  and  toes  (Fig.  179).  The  tail,  which  was  prominent 


Fig.  180.  A  graded  series  of  human  embryos,  actual  size.  (Arey.) 
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the  ventral  side,  and  the  gill  pouches  become  less  conspicuous,  a  neck 
region  appears.  Now  most  of  the  internal  organs  are  well  laid  out  so 
that  development  in  the  remaining  seven  months  consists  mostly  of  an 
increase  in  size  and  the  completion  of  some  of  the  minor  details  of  organ 

formation  (Fig.  180) .  „  ,  ,  . 

The  embryo  is  about  3  inches  long  after  three  months  of  development, 

10  inches  long  after  five  months,  and  20  inches  long  after  nine  months. 
During  the  third  month  the  nails  begin  forming  and  the  sex  of  the  fetus 
can  be  distinguished.  By  four  months  the  face  looks  really  human;  by 


Fig.  181.  Diagrammatic  section  through  the  uterus,  showing  the  fetus  shortly  before  birth. 

(Arey.) 
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five  months,  hair  appears  on  the  body  and  head.  During  the  sixth  month, 
eyebrows  and  eyelashes  appear.  After  seven  months  the  fetus  resembles 
an  old  person  with  red  and  wrinkled  skin.  During  the  eighth  and  ninth 
months,  fat  is  deposited  under  the  skin,  causing  the  wrinkles  partially 
to  smooth  out;  the  limbs  become  rounded,  the  nails  project  at  the  finger 
tips,  the  original  coat  of  hair  is  shed,  and  the  fetus  is  “at  full  term  ” 
ready  to  be  born  (Fig.  181) .  The  total  gestation  period,  or  time  of 
development,  for  human  beings  is  about  280  days  from  the  beginning 
the  last  menstrual  period  before  conception,  until  the  time  of  birth. 

1.  Formation  of  the  Heart.  In  contrast  to  many  organs  which  de¬ 
velop  in  the  embryo  without  having  to  function  at  the  same  time,  the 


374 


The  Reproductive  Process 

heart  and  circulatory  system  must  function  while  still  developing.  The 
heart  forms  first  as  a  simple  tube  from  the  fusion  of  two  thin-walled 
tubes  beneath  the  developing  head.  In  this  early  condition  it  is  essen¬ 
tially  like  a  fish  heart,  consisting  of  four  chambers  arranged  in  a  series: 
the  sinus  venosus,  which  receives  blood  from  the  veins;  the  single 
auricle;  the  single  ventricle;  and  the  arterial  cone,  which  leads  to  the 
aortic  arches. 

In  the  beginning  the  heart  is  a  fairly  straight  tube,  with  the  auricle 
lying  posterior  to  the  ventricle;  but  since  the  tube  grows  faster  than  the 
points  to  which  its  front  and  rear  ends  are  attached,  it  is  forced  to  bulge 
on  l  to  one  side  (Fig.  182).  The  ventricle  then  twists  in  an  S-shaped 


Fig.  182.  Ventral  views  of  successive  stages  in  the  development  of  the  heart.  See  text  lor 

discussion. 


curve  down  and  in  front  of  the  auricle,  coming  to  lie  posterior  a 
ventral  to  it  as  it  does  in  the  adult.  The  sinus  venosus  gradua  ly  be¬ 
comes  incorporated  into  the  auricle  as  the  latter  grows  around  it, 
most  of  the  arterial  cone  is  merged  with  the  wall  of  the  ventacle^ 

The  embryonic  heart,  when  it  first  appears  is  a  ingle  structure  w, 
only  one  of  each  chamber,  whereas  the  adult  heart  is  a .double ^pump. 
with  separate  right  and  left  auricles  and  ventricles  This  separat.o 
necessary  to  prevent  the  mixing  o  ^he  lungs  are 

nonfuncUonann^th^eml'ryo^and'not  much^blood^pass^thro^igh^thenn 

^  -d  °f  the  second  month- 
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The  auricles  are  partly  separated,  although  complete  separation  does 
not  occur  until  after  birth,  when  the  oval  window  between  them  finally 
closes.  Before  birth,  this  must  be  kept  open  to  permit  blood  to  get  into 
the  left  side  of  the  heart,  for  in  the  fetus  only  a  small  amount  of  blood 
passes  through  the  lungs  to  the  left  auricle.  Without  this  “window  the 
left  side  of  the  heart  would  be  nearly  empty,  and  most  of  the  blood 
would  pass  through  the  right  side  only. 

12.  Development  of  the  Digestive  Tract.  The  digestive  tract  is  first 
formed  as  a  separate  foregut  and  hindgut  by  the  growth  and  folding  of 
the  body  wall,  which  cut  them  off  as  two  simple  tubes  from  the  original 
yolk  sac.  These  tubes  grow  as  the  rest  of  the  embryo  grows,  becoming 
greatly  elongated.  The  lungs,  liver  and  pancreas  originate  as  hollow, 
tubular  outgrowths  from  the  original  foregut,  and  hence  are  composed 
of  entoderm.  But  these  outgrowths  always  are  associated  with  some 
mesodermal  tissue,  which  forms  the  blood  and  lymph  vessels,  connective 
tissue  and  muscles  of  these  organs.  The  entoderm  forms  only  the  internal 
epithelium  of  the  digestive  tract  and  lungs,  and  the  actual  secretory  cells 
of  the  pancreas  and  liver.  Both  the  enzyme-secreting  cells  and  those  of 
the  islets  of  Langerhans  in  the  pancreas  are  derived  from  the  tubular 
outgrowths  from  the  foregut.  The  lung  first  develops  as  a  single  median 
outgrowth  from  the  ventral  side  of  the  foregut.  This  single  tube,  which 
is  the  forerunner  of  the  trachea,  soon  branches  into  two,  the  rudiments 
of  the  bronchi,  which  in  turn  divide  repeatedly  and  eventually  grow 
into  the  complex  structure  which  is  the  adult  lung. 

The  most  anterior  part  of  the  foregut  flattens  out  to  become,  in 
cross  section,  a  flattened  oval,  rather  than  a  circle,  and  develops  into 
the  pharynx.  In  the  pharyngeal  region  a  series  of  five  paired  pouches, 
the  gill  pouches,  bud  out  laterally  from  the  entoderm  and  meet  a  cor¬ 
responding  set  of  inpocketings  from  the  overlying  ectoderm.  In  lower 
vertebrates  such  as  fish,  the  two  sets  of  pockets  fuse  to  make  a  continuous 
passage  from  the  pharynx  to  the  outside— the  gill  slits,  which  function 
as  respiratory  organs. 


In  the  highei  \ertebrates  this  normally  does  not  occur;  the  pouches 

exist,  but  are  nonfunctional  vestiges  which  give  rise  to  other  structures 

or  disappear.  For  example,  the  first  pouch  becomes  the  cavity  of  the 

middle  ear  and  its  connection  with  the  pharynx,  the  eustachian  tube 

I  he  second  pouch  becomes  a  pair  of  tonsils,  while  parts  of  the  third  and 

fourth  pouches  become  the  thymus  gland,  and  other  parts  of  them 

become  the  parathyroids.  The  fifth  pouch  is  rudimentary  and  disan- 

Pf‘Yv!'  fuG  thyroid  develops  from  a  separate  outgrowth  on  the  floor 
of  the  pharynx. 

The  mouth  cavity  arises  as  a  shallow  pocket  of  ectoderm  which  grows 
m  to  meet  the  anterior  end  of  the  foregut;  the  membrane  between  the 
two  ruptures  and  disappears  during  the  fifth  week  of  development  Sim- 

1  fc?med  from  an  ectodermal  pocket  which  grows  in  to 
meet  the  hindgut;  the  membrane  separating  these  two  ihemn...  i 
m  the  third  month  of  development  d.sappears  early 

.hi’ii/riz  fVs  * 

**** ....  u, .h.x.ct.r.rrr*  “s; 
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of  species  to  see  how  they  resembled  each  other.  These  studies  showed 
that  the  early  development  of  all  vertebrates  is  similar,  and  that,  in 
general,  those  forms  believed,  from  other  evidence,  to  be  most  closely 
related  have  the  most  similar  developmental  processes.  Moreover,  it 


Allantois 


Meso-,  . 
nepnric 

Duct 

Metanephric  Duct 

D 


Fused 

Mullerian 

Duds 


appendix  of 
Remains  ol 
Mullerian 


Permanent  Kidney. 
(Metanephros) 

Uradius 


Epobptioron 

(Mesonephros) 

Uterus 


Vas 

Deferens 
Seminal 
Vesicles 
Prostate 
Gland 


Urinary  Bladder 
Clitoris 


Rectum 


Vaqina 


i — -  Ureter 
(Metaneph 


ig.  183.  Diagrams  showing  the  development  of  lhe  ^ J  DEighthmk"  EJhree 
.of  development.  B,  Early  in  the  sixth  week *  £mb  logy>  The 
ths  (male).  F,  Three  months  (female).  (Patten,  li. 

riston  Co.) 

s  found  that  the  higher  animals 

ich  resemble  lower  animals.  individual  in  its  embryonic 

recapitulation.  This  states  .a  .  .  the  steps  in  the  evolution 

wth  recapitulates,  or  exhibi  s  in  ’  individual  does  not  go 

its  species.  It  has  since  been  shown  ^  Qnly  the 
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ops  gill  pouches,  like  the  fish  embryo,  but  these  never  become  gill  slits, 

as  they  do  in  the  adult  fish.  ,  . 

The  development  of  the  kidney  is  one  of  the  finest  and  most  clear- 

examples  of  the  principle  of  recapitulation.  Within  the  class  o  ver  e 
brates  are  three  different  types  of  kidney.  The  earliest— the  fish  kidney 
—called  the  pronephros,  is  the  adult  kidney  of  certain  primitive  fishes. 
The  second,  or  mesonephros,  is  the  adult  kidney  of  amphibians  an  e 
higher  fishes.  The  third,  the  metanephros,  is 

tiles,  birds  and  mammals.  But  in  development,  each  of  the  higher  ani¬ 
mals  repeats  the  evolutionary  sequence  of  this  organ.  1  hus  trog  embryos 
first  develop  a  fish  kidney,  which  functions  during  early  embryonic  li  e, 
before  developing  the  permanent  frog  kidney.  And  man  develops  first  a 
nonfunctional  fish  kidney,  then  a  frog  kidney,  which  may  be  functional 
during  fetal  life,  and  finally  the  permanent,  third  kidney  or  metanephros 
(Fig.  183).  The  three  kidneys  develop  one  after  another  in  both  time 
and  space,  each  new  kidney  lying  posterior  to  the  previous  one. 

The  pronephros,  which  in  the  human  embryo  consists  of  about  seven 
pairs  of  rudimentary  kidney  tubules,  develops  in  the  mesoderm  and 
degenerates  during  the  fourth  week  of  embryonic  life.  From  the  tubules 
a  pair  of  ducts  grows  back  to  the  hindgut  and  connects  with  it. 

The  tubules  of  the  mesonephros  originate  during  the  fourth  week, 
reach  their  heights  at  the  end  of  the  seventh  week,  and  degenerate  by 
the  sixteenth  week.  These  tubules  connect  with  the  ducts  left  by  the 
degenerated  pronephros,  and  empty  into  them.  In  the  female  the  frog 
kidney  and  its  ducts  degenerate  completely  except  for  a  few  nonfunc¬ 
tional  remnants,  but  in  the  male  some  of  the  tubules  remain  and  are 
converted  into  the  epididymides,  while  the  ducts  become  the  vas  def¬ 
erens. 

I  lie  final  kidney  of  reptiles,  birds  and  mammals  develops  as  a  pair 

of  buds  from  the  ducts  of  the  frog  kidney.  Or  rather,  the  ureter  and 

collecting  tubules  of  the  kidney  develop  from  these  buds,  while  the 

Bowman’s  capsules  and  convoluted  tubules  develop  from  the  same  sort 

ot  mesoderm  that  formed  the  tubules  of  the  pronephros  and  mesonephros 

at  a  more  anterior  point.  Later,  these  two  portions  unite  to  form  the 

kidney  tubules  of  the  adult.  The  metanephros  begins  forming  during 

t  k  fifth  week  and  is  practically  complete  by  sixteen,  weeks. 

14.  The  Contributions  ot  Each  Germ  Layer.  The  contributions  of  each 

”,  lr.ee  ge™  l:'-Vcrs  to  the  developing  animal  are  summarized  in 
the  following  table. 


Ectoderm 

Epidermis  of  the  skin 
Hair  and  nails 
Sweat  glands 

Entire  nervous  system: 
brain,  spinal  cord,  gan¬ 
glia,  nerves 

Receptor  cells  of  sense 
organs 
Lens  of  eye 

Lining  oi  mouth,  nostrils 
and  anus 
Enamel  of  teeth 


Entoderm 
Lining  of  gut 

Lining  of  trachea,  bronchi 
and  lungs 
Liver 
Pancreas 

Lining  of  gallbladder 
1  hyroid,  parathyroid  and 
thymus  glands 
Urinary  bladder 
Urethra  lining 


M  csoderm 

Muscles — smooth,  skeletal 

and  cardiac 
Dermis  of  skin 
Connective  tissue,  bone  and 
cartilage 
Dentine  of  teeth 
Blood  and  blood  vessels 
Mesenteries 
Kidneys 

1  estes  and  ovaries 


i 
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15.  Control  of  Development.  One  of  the  most  interesting  problems  in 
modern  biology  is  to  discover  what  kind  of  mechanisms  cause  develop¬ 
ment  to  proceed  in  a  regular  way,  so  that  the  organs  appear  at  the 
proper  time  and  in  the  proper  relations  to  each  other.  Early  embryolo¬ 
gists,  working  with  crude  microscopes,  thought  that  development  was 
simply  a  matter  of  increasing  size,  that  the  germ  of  the  adult  was  fully 
formed  and  differentiated  with  head,  arms  and  legs,  before  growth  began. 
One  theory  stated  that  this  tiny  creature  was  to  be  found  in  the  egg. 
another  that  it  was  in  the  sperm,  which  simply  had  to  enter  an  egg  to 
begin  growth.  These  preformation  theories  really  explained  development 
by  denying  that  there  was  such  a  thing,  and  led  to  some  amusing  cal¬ 
culations.  If  all  the  individuals  of  one  generation  are  contained  within 
the  eggs  of  their  mothers,  and  these  in  turn  are  contained  within  the 
eggs  of  their  mothers,  and  so  on,  like  a  series  of  Chinese  boxes,  then 
scientists  seriously  inquired,  how  many  series  of  such  boxes  within  boxes 
could  have  been  accommodated  in  the  ovaries  of  Eve,  and  how  soon  would 
those  eggs  be  used  up  and  the  human  race  end? 

With  the  development  of  better  microscopes,  it  became  apparent 
that  there  were  no  little  people  inside  either  sperm  or  eggs.  Tt  now  is 
well  established  that  each  individual  originates,  as  we  have  seen,  from 
a  single  egg  fertilized  by  a  single  sperm,  and  that  development  occurs 
by  cell  division  and  the  progressive  differentiation  of  these  cells.  This 
view  is  known  as  epiqenesis. 

But  recentlv,  with  the  development  of  experimental  methods  of  study, 
investigators  have  found  that  development  is  not  simply  epigenetic. 
There  are  it  seems,  certain  potentialities ,  though  not  structures,  local- 
ized  in  certain  regions  of  the  early  embryo,  and  even  of  some  eggs. 
When  experimentally  separated  at  the  two-cell  stage  or  even  the  fonr- 
cell  stage,  the  embryos  of  some  species  continue  to  develop  norma  v. 
indicating  that  each  of  the  separated  cells  has  the  power  to  form  an 
embryo  complete  in  all  details,  although  they  are  smaller  than  normal. 
Embryos  of  other  species  separated  at  the  two-cell  stage,  owever  e 
onstrate  that  certain  potentialities  are  localized,  for  ne.ther  cell  can 
develop  into  a  whole  embryo.  Each  half  develops  only  those  structures 

££  .its  t  .S 
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comparable  stage  are  similarly  placed  differentiation  mechanism 
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caused  the  development  of  a  second  embryo  on  the  side  of  the  host, 
resulting  in  a  pair  of  Siamese  twins.  This  blastopore  lip  region  they 
named  the  organizer,  because  it  organized  the  formation  of  the  second 

embryo.  .  ... 

The  ability  to  organize  is  widespread  in  developing  tissues;  many  will 

organize  the  formation  of  an  adjoining  structure  the  eyecup,  for  ex¬ 
ample,  will  initiate  the  formation  of  a  lens  from  the  overlying  skin,  even 
if  it  is  transplanted  to  the  belly  region,  where  it  must  operate  on  cells 
normally  destined  to  be  belly  skin.  Development,  then,  is  a  coordinated 
series  of  chemical  stimuli  and  responses,  each  step  regularly  following 
the  previous  step. 

The  term  “organizer”  is  now  applied  not  only  to  the  organizing  region, 
but  to  the  chemical  substance  given  off  by  that  region,  which  diffuses 
to  some  other  tissue  and  causes  the  latter  to  differentiate  and  develop 
in  a  particular  way.  Organizers  are  chemical  entities,  for  they  retain 
their  organizing  ability  after  being  crushed,  dried  or  boiled,  and  they 
may  impart  their  inducing  ability  to  some  inert  material  such  as  gelatin 
or  agar.  But  what  their  chemical  composition  is,  is  still  a  subject  of 
inquiry. 

Although  organizers  suggest  a  method  whereby  differentiation  and 
development  may  be  controlled,  the  entire  problem  is  far  from  solved. 
Cleavage  divisions  occurring  by  the  process  of  mitosis  insure  that  each 
cell  will  get  the  same  number  and  kind  of  genes  as  every  other  cell,  and 
genes  are  believed  ultimately  to  control  development.  Yet  the  cells 
resulting  from  the  cleavage  divisions  are  different  from  each  other  in 
their  various  developmental  potentialities,  possibly  because  of  the  inter¬ 
actions  set  up  between  like  genes  and  dissimilar  cytoplasms  in  the  dif¬ 
ferent  cells. 

17.  Twinning.  In  man,  apes  and  monkeys,  as  well  as  in  many  other 
species  of  mammals,  a  single  offspring  usually  is  produced  at  one  time, 
although  in  other  animals,  more  than  one  (up  to  twenty-five  in  the 
pig)  are  produced  in  a  single  litter.  But  about  once  in  every  eighty- 
eight  human  births,  two  individuals  are  delivered  at  the  same  time 
(twins) .  More  rarely,  three,  four,  five,  and  even  six  children  are  born 
simultaneously,  ihese  multiple  births  all  belong  to  one  of  two  types 
due  to  two  basically  different  situations.  About  three-fourths  of  the 
twins  (and  quadruplets,  quintuplets,  and  so  on)  are  the  result  of  the 
simultaneous  release  of  two  eggs,  one  from  each  ovary,  both  of  which 
are  fertilized  and  develop.  Such  fraternal  twins  may  be  of  the  same  or 
different  sexes,  and  have  only  the  same  degree  of  family  resemblance 
that  brothers  and  sisters  born  at  different  times  have  for  they  are 
entirely  independent  individuals  with  different  hereditary  characteristics. 
In  contrast,  identical  twins  (or  triplets,  and  so  on)  are  formed  from  a 
single  fertilized  egg  which  at  some  early  stage  of  development  divided 
into  two  (or  more  independent  parts,  each  of  which  develops  into  a 
separate  fetus  Such  twins,  of  course,  are  the  same  sex,  have  identical 
hereditary  traits,  and  are  so  similar  that  it  is  difficult  to  tell  them  apart 

Occasionally,  identical  twins  are  not  separated  completely,  but  are 
born  joined  together  and  are  known  as  Siamese  twin!.  All'  grades  of 
union  have  been  known  to  occur,  from  almost  complete  separation,  to 
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fusion  throughout  most  of  the  body,  so  that  only  the  head  or  the  legs  are 
double.  Siamese  twins  always  have  separate  brains,  the  separateness 
of  their  other  organs  depending  on  how  intimately  they  are  united.  One 
twin  may  become  sick  independently  and  even  die  before  the  other, 
but  the  second  will  die  within  a  few  hours  unless  he  is  separated  sur¬ 
gically  from  his  twin.  Sometimes  the  two  twins  are  of  different  sizes 
and  degrees  of  development,  one  being  quite  normal,  while  the  second  is 
only  a  partially  formed  parasite  on  the  first.  Such  errors  of  development 
usually  die  during  or  shortly  after  birth. 

Other  malformations,  such  as  a  cleft  palate,  harelip  or  the  formation 
of  extra  fingers  or  toes,  are  the  result  of  irregularities  in  the  develop¬ 
mental  processes  during  the  early  weeks  of  development,  and  occur 
about  once  in  every  165  births.  The  incidence  is  still  higher  in  aborted 
fetuses. 

According  to  popular  superstition,  such  abnormalities  are  caused  by 
fright  or  injury  to  the  mother,  and  it  is  even  supposed  that  injury  to 
a  particular  part  of  the  mother’s  body  results  in  the  malformation  of 
that  part  of  the  fetus.  Similarly,  the  benefits  of  listening  to  music,  read¬ 
ing  or  thinking  pleasant  thoughts  during  pregnancy,  are  believed  to  be 
transferrable  to  the  offspring  as  musical  or  literary  abilities.  Such  super¬ 
stitions  have  no  basis  in  fact,  for  there  is  no  connection  whatsoever 
between  the  nervous  systems  of  mother  and  child;  moreover,  injuries 
believed  to  cause  malformations  usually  occur  late  in  pregnancy,  when 
the  organs  are  already  formed,  and  have  been  so  since  the  second  month 

of  pregnancy. 

Malformations  may  actually  be  due  to  any  one  of  several  causes, 
some  have  a  hereditary  basis;  some  are  due  to  chemicals  or  toxins  trans¬ 
ferred  from  the  mother’s  blood  to  the  child’s  (by  diffusion  across  the 
placenta) ;  massive  doses  of  X-rays  or  other  penetrating  rays  cause  others; 
and  still  others  are  caused  by  disease-such  as  German  measles  or  syphilis 
—transmitted  from  mother  to  child  via  the  placenta.  In  a  great  many 
cases  the  cause  remains  unknown,  and  is  probably  due  to  an  accident  o 


development.^anges  af  Birth  Great  changes  take  place  within  a  short 
time  after  a  child  is  born.  Hitherto  it  has  received  both  food  and  oxygen 
from  the  placenta,  now  its  own  digestive  and  respiratory  systems  must 
function.  Correlated  with  these  changes  are  major  changes  m  the £rcu - 
tory  system:  the  umbilical  arteries  and  veins  are  cut  off,  and  the  bio 

flow  through  the  heart  and  lungs  is  altered.  initiated 

U  believed  that  the  first  breath  of  the  newborn  infant  is  initiated 

by  the  accumulation  of  carbon  dioxide  in  the  blood  after  the  umbU.caJ 

cord  is  cut,  which  stimulates  the  £e  Sood  vessels 

p.  184).  The  resulting  expansion  ot  lh®  lu"f® ‘  *  d  °and  b,00d  from  the 
therein,  which  previously  were  partially  collapsed,  a  d  ]ung 

right  ventricle  thus  flows  in  ever^mcreamng^aimmntsjdiroug^  ^ 

vessels,  instead  of  throug  resulting  increase  in  blood 

-'bp  left  auricle  results 

SSBflS  JUrtTEtfS  2A  -  «■'  -  * 
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oval  window  grows  into  place  and  the  arterial  duct  degenerates,  so  that 
the  adult  type  of  circulation  is  established.  Occasionally  the  oval  window 
fails  to  close  or  the  arterial  duct  fails  to  degenerate,  and  there  is  a  mixing 
of  oxygenated  and  nonoxygena-ted  blood  which  results  m  a  blue  baby, 
a  child  whose  skin  has  a  purplish  hue  because  of  the  inadequate  oxy¬ 
genation  of  its  blood.  .  , 

Development  does  not  cease  at  birth,  of  course.  At  that  time,  such 

structures  as  the  teeth  and  genital  organs  are  only  partly  formed  and 
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Fig.  184.  Changes  in  the  circulatory  system  at  birth.  The  embryonic  circulatory  system  is 
shown  at  the  left;  that  of  the  newborn  child  on  the  right.  Aerated  blood  is  shown  in  white, 
nonaerated  blood  in  black,  and  a  mixture  of  the  two  is  stippled.  Note  that  in  the  embryo 
little  of  the  blood  goes  through  the  lungs;  most  of  the  blood  entering  the  right  auricle  gets 
into  the  aorta  either  via  the  oval  window  ( foramen  ovale)  between  the  right  and  left 
auricles,  or  via  the  arterial  duct  ( ductus  arteriosus)  between  the  pulmonary,  artery  and  aorta. 
The  changes  at  birth  are:  (1)  the  absence  of  the  placenta,  (2)  the  expansion  of  the  lungs, 
(3)  the  closing  of  the  foramen  ovale,  and  (4)  the  degeneration  and  closing  of  the  arterial 
duct.  (Carlson  and  Johnson:  The  Machinery  of  the  Body,  3rd  Ed.,  published  by  University 
of  Chicago  Press.) 


the  body  proportions  are  quite  different  from  those  of  the  adult.  The 
head,  proportionally  much  larger  than  the  rest  of  the  body  in  early 
development,  makes  up  about  half  the  length  of  the  two-month  fetus, 
but  its  growth  terminates  in  early  childhood,  so  that  the  adult  head  is 
proportionately  smaller  than  that  of  the  newborn.  The  arms  attain  their 
proportionate  size  shortly  after  birth,  but  the  legs  attain  their  propor¬ 
tionate  size  only  at  the  end  of  about  ten  years.  The  last  organs  to  ma¬ 
ture  are  the  genitals,  which  do  not  begin  to  grow  rapidly  until  between 
twelve  and  fourteen  years  after  the  infant  is  born. 


QUESTIONS 

1.  What  is  the  difference  between  isolecithal  and  telolecithal  eggs? 

s'  WW  ulk8  0t  the,body  *7!°'’ from  lhe  the  mesoderm?  the  entoderm* 

3.  What  is  the  primitive  streak? 

4.  mat  becomes  of  the  notochord  in  the  vertebrates? 

5.  How  is  the  spinal  cord  formed? 

6.  What  becomes  of  the  gill  pouches  in  the  human  embryo? 

s’  wTf-the  of  the  kidney  in  the  human  embryo. 

8.  what  is  an  organizer?”  How  does  it  control  development? 
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9.  Differentiate  between  fraternal  and  identical  twins.  What  are  Siamese  twins? 

10.  What  causes  a  “blue”  baby? 

11.  Describe  sequence  of  events  from  fertilization  to  completion  of  neurulation  in  the  frog. 
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CHAPTER  22 


MICRO-ORGANISMS  AND 
INFECTIOUS  DISEASES 


MICRO-ORGANISMS,  as  the  name  implies,  are  living  things  so  tiny 
that  they  can  be  seen  only  through  a  microscope.*  Some  of  them, 
such  as  the  protozoa,  resemble  animals  and  are  classified  with  them, 
others,  the  bacteria,  are  more  similar  to  plants  and  are  classified  with 
them.  In  addition,  other  forms,  called  filterable  viruses,  have  been 
known  for  many  years,  although  they  had  never  been  seen  befoie  the 
invention  of  the  electron  microscope  about  1935.  1  his  instrument,  which 


Fig.  185.  The  carbon  cycle  in  nature.  See  text  for  discussion. 


uses  a  beam  of  electrons  instead  of  a  beam  of  light,  has  extended  the 
range  of  visibility  to  objects  as  small  as  0.005  microns. 


I.  BACTERIA 

For  most  people  the  words  “disease”  and  “bacteria”  are  associated 
to^  such  an  extent  that  they  cannot  hear  one  without  thinking  of  the 

*  What  we  can  see  through  a  microscope  is  limited  by  the  wavelength  of  litrht  r„r  : e 
violet  the  limit  ol  visit;, it,  torls  ml^°{  ^ 
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other,  but  as  we  have  seen  already,  many  diseases  are  not  caused  by 
bacteria,  and  it  is  also  true  that  most  bacteria  do  not  cause  disease.  The 
pathogenic  types  are  only  a  small  fraction  of  the  thousands  of  kinds 
in  existence. 

1.  The  Carbon  Cycle.  Man  and  all  other  living  things  are  dependent 
upon  the  majority  of  bacteria,  for  these  tiny  plants  are  necessary  for 
decay,  and  hence  for  the  fertility  of  the  soil.  In  the  endless  cycle  of  mat¬ 
ter,  which  is  constantly  taking  place  all  over  the  earth,  decay  is  essential 


for  returning  to  general  circulation  the  basic  chemicals  (such  as  carbon 
and  nitrogen)  contained  in  the  bodies  of  dead  plants  and  animals  (Fig. 

Calculations  show  that  there  are  about  six  tons  of  carbon  as  car¬ 
bon  dioxide)  in  the  atmosphere  over  each  ‘m  eSact as 

....  o,  «*.„ ^sstsisssss. 
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matter  of  the  earth  to  simple,  inorganic  substances  and  so  make  them 

available  for  use  by  new  life  forms.  .  ,  , 

2  The  Nitrogen  Cycle.  Nitrogen  too  is  freed  from  dead  material  by 

bacteria.  The  source  of  all  nitrogen  essential  for  the  synthesis  of  amino 
acids  and  proteins— hence  for  all  protoplasm— is  the  nitrates  in  the  soil 
(Fig.  186) .  These  nitrates  are  absorbed  by  plants  and  synthesized  into 
the  amino  acids  and  proteins  of  plant  protoplasm.  Ihe  plants  aie  then 
eaten  by  animals  that  in  turn  use  them  for  synthesizing  their  protoplasm. 
When  the  animals  and  plants  die,  the  decay  bacteria  convert  the  nitrogen 
compounds  into  ammonia,  and  “denitrifying”  bacteria  convert  some  of 
the  ammonia  into  atmospheric  nitrogen.  rlhe  rest  of  the  ammonia  is 
used  by  other  kinds  of  bacteria  as  a  source  of  energy,  and,  in  the  process, 
the  ammonia  is  converted  into  nitrites.  Hence  these  bacteria  are  known 
as  nitrite  bacteria.  Finally,  other  (nitrate)  bacteria  convert  the  nitrites 
to  nitrates,  thus  returning  the  element  to  the  soil  and  completing  the 
cycle.  The  atmospheric  nitrogen  is  converted  to  nitrates  by  still  other 
(“nitrogen-fixing”)  bacteria  which  live  in  the  soil  at  the  roots  of  leg¬ 
uminous  plants.  This  is  fortunate,  for,  in  spite  of  the  fact  that  almost  80 
per  cent  of  the  atmosphere  is  nitrogen,  no  animals  and  only  a  few  plants 
can  utilize  it  in  that  form.  Today,  some  nitrates  are  made  artificially 
and  added  as  fertilizer  to  the  soil,  but  the  action  of  bacteria  is  still 
absolutely  essential;  without  it,  life  would  cease  for  lack  of  raw  materials. 

3.  Bacteria  in  Industrial  Processes.  Bacteria  are  responsible  for  many 
other  processes  of  particular  value  to  man.  Some  bacteria  are  used  com¬ 
mercially  to  produce  acetone  and  butyl  alcohol,  widely  used  as  solvents. 
Others,  by  digesting  the  covering  of  seeds,  are  important  in  the  produc¬ 
tion  of  coffee  and  cocoa.  Bacterial  action  is  necessary  for  curing  raw 
tobacco  leaves,  and  for  manufacturing  linen  and  rope  from  flax  and 
hemp.  The  latter  plants  are  held  together  by  a  gum  called  pectin,  which 
the  bacteria  digest,  thus  freeing  the  fibers  so  they  can  be  spun  into 
thread  or  woven  into  rope.  Other  substances  whose  production  involves 
the  use  of  bacteria  are  butter,  cheese,  sauerkraut,  rubber,  cotton  and 
silk,  to  mention  just  a  few. 


4.  Types  of  Bacteria.  Although  they  do  not  contain  chlorophyll,  bac¬ 
teria  are  usually  classified  as  plants.*  They  consist  of  one  cell  only  (usu¬ 
ally  surrounded  by  a  slimy  capsule),  which  in  some  types  has  a  distinct 
nucleus  (Fig.  187) ,  but  in  others  contains  nuclear  material  in  the  form 
of  scattered,  granular  bits.  The  entire  cell  is  about  ^o.ooo  inch  long. 
Like  all  living  things,  bacteria  utilize  energy  by  oxidizing  food  materials; 
both  food  and  gases  penetrate  the  cell  membrane  by  diffusion. 

Some  bacteria  use  oxygen  from  the  air  or  from  the  surrounding  liquid 
and  are  called  aerobic;  others,  called  anaerobic,  are  able  to  obtain  their 
oxygen  supply  by  breaking  down  organic  compounds  which  contain  it 
and  some  of  these  cannot  live  in  the  atmosphere. 

Bacteria  can  move  only  in  fluids  and  cannot  leave  a  fluid  bv  their  own 
efforts,  but  by  becoming  attached  to  a  dust  particle  or  water  droplet 
they  travel  considerable  distances  through  the  air.  To  facilitate  move- 
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ment,  many  of  them  have  whiplike  projections — cilia  or  flagella — which 
act  as  propellors.  Many  bacteria  are  capable  of  changing  into  spores, 
those  tough,  resistant  forms,  difficult  to  kill,  which  tide  many  plants  over 
periods  when  the  environment  is  unfavorable — perhaps  too  hot,  too  cold 
or  too  dry.  Fortunately,  most  disease-causing  varieties  do  not  form 
spores. 

Bacteria  exist  everywhere:  in  the  air,  in  fresh  and  salt  water,  in  the 
soil,  frozen  in  ice,  and  in  the  bodies  of  plants  and  animals.  Because  of 
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Fig.  187.  The  dark-staining  bodies  of  Bacterium  coti,  which  are  believed  to  ^Prese“t  ^ 
nucleus  Successive  stages  in  the  development  of  a  single,  oval-shaped  cell  with  a  broad, 
centraf  nucleus  or  Chromosome  (a)  into  a  long,  rod-shaped,  two-celled  bacterium  with  two 
pairs  of  chromosomes  (A) .  In  c,  a  fine  strand  of  nuclear  material  can  be -"gj 
two  recently  divided  chromosomes.  (Robinow,  C.  F.  in  Cambridge  J.  Hygiene,  Vo!. 

thoir  small  size  and  general  similarity  of  structure,  they  are  usually  clas- 
S  on  the  basis  of  their  physiological  and  biochem^l  charac- 

t eristics  than  on  morphological  differentiations.  But  most  of  them 

SS5T  one  of  three  'shapes.  There  are 

spherical  forms  called  co«.,  an  U>»a  ac;flus  causing  anthrax, 
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singly  in  some  species;  in  groups  of  two  (as  the  pneumococcus  causing 
nneumonia)  •  in  groups  of  four  (as  the  gonococcus,  causing  gonorrhea) , 
fn  long  chains  (as  streptococci  and  the  bacteria  causing  scarlet  fever) ; 


Fig.  188.  Types  of  bacteria.  A-E,  Spherical  bacteria  or  cocci.  F,  Coccobacilli,  intermediate 
between  cocci  and  bacilli.  G-I,  Rod-shaped  bacteria  or  bacilli.  J,  Curved  rods.  K  and  L,  Spiral 
forms.  (Burrows,  W.:  Jordan-Burrows  Textbook  of  Bacteriology.) 


or  in  irregular  clumps,  resembling  bunches  of  grapes  (as  the  staphylo¬ 
cocci  which  cause  boils,  Fig.  189).  There  are  two  types  of  spiral  forms: 
the  spirilla,  which  are  less  coiled  and  sometimes  resemble  a  comma  (the 


Fig.  189  Photographs  made  with  an  electron  microscope  of  bacteria  which  were  shadowed 
Tnh1  ,t0  demonstrate  depth.  A,  Single,  rod-shaped  bacillus;  B,  A  group  of  staphylococci— 

book'„TBaSriot,S'.f  °CCUr  'ike  e'^S-  <BU"°WS'  W':  J»rdan-Burrows  Text- 


°ne  causing  cholera  is  like  this) ;  and  the  spirochetes,  which  are  highly 

causing' syphi!is^kSCreW  ^  m°St  kn°Wn  °f  the  latter  »  that 
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5.  Reproduction  of  Bacteria.  Bacteria  reproduce  by  simple  fission — 
the  division  of  one  cell  into  two.  It  has  been  found  recently  that  many, 
and  perhaps  all  of  them,  divide  by  a  process  resembling  mitosis.  They 
do  this  with  remarkable  speed,  some  bacteria  dividing  once  every  twenty 
minutes.  At  this  rate,  if  there  were  plenty  of  food  and  nothing  to  inter¬ 
fere,  one  bacterium  could  give  rise  to  about  51)0,000  bacteria  within  six 
hours.  After  twenty-four  hours  the  resulting  mass  would  weigh  4,000,000 
pounds,  and  in  less  than  a  week  this  single  bacterium  could  give  rise  to 
a  mass  of  bacteria  the  size  of  the  earth! 

6.  Bacterial  Metabolism.  Like  other  organisms,  bacteria  secrete  en¬ 
zymes,  some  of  which  act  within  the  cell,  while  others  pass  to  the  outside 
and  cause  chemical  reactions  in  the  surrounding  matter,  such  as  those 
mentioned  in  connection  with  the  carbon  and  nitrogen  cycles.  When  the 
surrounding  material  happens  to  be  a  carbohydrate,  such  as  sugar, 
starch  or  cellulose,  the  chemical  breakdown  process  is  called  fermenta¬ 
tion.  Some  bacteria  break  carbohydrates  down  to  carbon  dioxide;  others 
stop  at  intermediate  points.  For  example,  the  bacteria  which  sour  milk 
break  the  milk  sugar  down  to  lactic  acid,  and  other  bacteria  convert  the 
alcohol  of  wine  or  cider  to  the  acetic  acid  of  vinegar.  When  the  medium 
in  which  the  bacteria  live  is  protein,  the  decomposition  carried  on  by 
their  enzyme  action  is  called  putrefaction.  The  foul  smells  associated 
with  the  decay  of  food  and  bodies  are  due  to  the  nitrogen  and  sulfur-con¬ 
taining  compounds  which  result  from  these  breakdowns.  Another  type 
of  enzyme  action  results  in  the  breakdown  of  fats  to  glycerine  and  fatty 

acids. 

II.  OTHER  MICRO-ORGANISMS 


Much  smaller  than  bacteria,  indeed  scarcely  larger  than  very  large 
molecules,  are  other  forms,  called  viruses,  bacteriophages  and  rickett¬ 
sial  With  the  exception  of  the  last,  these  are  too  small  to  be  seen  with 
ordinary  microscopes,  and  can  be  photographed  only  with  the  aid  of 
the  electron  microscope.  None  of  them  is  classified  as  either  plants  o. 

i  i  tVipir  status  in  the  world  of  living  things  is  still  not  d 
animals,  and  ther  believe  that  they  are  not  living 

nite  y  un  ers  -  protein  molecules  which  simulate  some  of  the 

organisms  at  all  bu 1 ‘“cl  as  independent  movement  and  reproduction. 

COyVepjj°<^b^IybuseS^e'pheserultramicroscopic  forms,  which  take  their 
7.  Filtera  ,  .  are  tiny  enough  to  pass  through  very  fine- 

name  from  the  fact  t  >  ^  deymonstrated  to  exist  by  Iwanowski 

pored,  porcelain  filters  disease  of  tobacco  plants  (tobacco 

in  1892,  when  he  s  io\  healthv  plants  by  the  sap  of  diseased 

mosaic)  could  be  transmuted  ”s  fine  enough  t0  remove  all 

ones,  even  after  it  ha  p  ,  Diants  and  animals  are  known 

bacteria.  Today,  many  ls<-a)"  conom;cally  important  ones  are  hog 
to  be  caused  by  viruses;  a  few  “nc^  ^  and.mouth  disease 

cholera,  swine  influenza,  c  Mexico  and  Argentina  (Fig.  190) . 

which  has  plagued  the £eri»  »  X™  al.Pox,  rabies,  infantile  pa, 

fever  blisters  and  the  common  cold. 


Fig.  190.  Photographs 
made  with  an  electron  mi¬ 
croscope  of  a  variety  of 
viruses,  1,  Vaccinia  virus 
(used  in  vaccinating  for 
smallpox) .  2,  Influenza  vi¬ 
rus.  3,  Tobacco  mosaic 
virus.  4,  Potato  mosaic  vi¬ 
rus.  5,  Bacteriophages.  6, 
Shope  papilloma  virus.  7, 
Southern  bean  mosaic  virus. 
8,  Tomato  bushy  stunt  vi¬ 
rus.  Numbers  2,  3,  4,  6,  7 
and  8  were  shadowed  with 
gold  before  being  photo¬ 
graphed  in  the  electron  mi¬ 
croscope.  (Courtesy  of  Dr. 
C.  A.  Knight.) 


he  small  I  Tm  '  811  electr°n  microscoPe  °f  bacteriophage 

die  small  bodies  shaped  like  a  ping-pong  paddle)  attacking  bacilli  (th 

rge,  s^usage-s^Ped  structures) .  Magnification  about  17,000  times  (Bui 

£  Z  A“rr0W3'  ™tb“k 
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A  vast  amount  of  research  has  been  done  to  determine  whether  human 
cancer  is  caused  by  viruses,  but  at  present  there  is  no  evidence  that  it 
is.  One  type  of  breast  cancer  in  mice  has  been  found  to  be  caused  by  a 
virus-like  agent,  but  human  cancers  are  not  infectious,  as  a  virus  disease 

should  be. 

Viruses  can  easily  be  grown  in  an  artificial  medium  containing  other 
living  cells,  and  apparently  they  can  reproduce  only  in  such  an  environ¬ 
ment;  this  has  given  rise  to  the  opinion  that  they  do  not  really  repro¬ 
duce,  but  are  reproduced  by  other  living  cells.  A  common  virus  medium 
consists  of  the  cells  of  a  chick  embryo,  minced  in  a  nutrient  salt  solu¬ 
tion;  many  viruses  which  will  not  grow  if  injected  into  a  living  chicken 
thrive  on  this  medium. 

Estimates  of  the  size  of  viruses  have  been  made  in  a  number  of 
different  ways:  from  the  size  of  the  filter  pores  which  permit  them  to 
pass,  from  the  speed  with  which  they  settle  when  centrifuged,  and  from 
measurements  of  electron  microscope  photographs  of  them.  These  meas¬ 
urements  show  that  viruses  vary  widely  in  size;  one  of  the  largest — the 
vaccinia  virus,  used  in  vaccinating  against  smallpox — is  about  200  milli¬ 
microns  in  diameter,*  and  one  of  the  smallest — that  of  infantile  paralysis 
— is  15  millimicrons  in  diameter.  The  electron  microscope  shows  some 
viruses  to  be  spherical,  others  to  be  rod-shaped  (Fig.  190) . 

Viruses  usually  attack  specific  parts  of  the  body:  those  of  smallpox,, 
measles  and  warts  attack  the  skin;  those  of  infantile  paralysis  and  rabies 
attack  the  brain  and  spinal  cord;  and  those  of  yellow  fever  attack  the 
liver.  Fortunately,  infections  caused  by  viruses  create  lasting  immunity 
against  them,  and  inoculations  for  smallpox,  rabies  and  yellow  fever  are 

highlv  successful.  . 

8.  Bacteriophages.  Some  of  the  most  interesting  types  of  viruses, 
called  bacteriophages  (“phage”  means  eater) ,  are  parasites  of  bacteria 
only  They  were  discovered  by  a  French  scientist,  d  Herelle,  when  he  ob¬ 
served  that  some  lethal  agent  was  present  in  his  bacteria  cultures.  Like 
other  viruses,  bacteriophages  are  filterable,  and  will  grow  only  in  the 
presence  of  living  cells-specifically,  in  cultures  of  bacteria,  which  they 
cause  to  swell  and  dissolve.  These  viruses  usually  occur  in  nature  wher¬ 
ever  bacteria  are  found  and  are  especially  abundant  in  the  mtestir  . 

man  and  other  animals.  i  nttqrks 

There  are  different  varieties  of  bacteriophages,  each  of  which  attacks 

a  particular  kind  of  bacteria.  Electron  microscope  photographs  (Fig. 
“gf)  how  that  -I  are  about  5  millimicrons  in  diameter  they  vary 

considerably  in  size),  and  that  many  of  temarespeclwe 

others  have  short  tails  and  are  comma-shaped .The fact  ‘hatbacter  ^ 

phages  can  destroy  bacteria  suggcs  s  preparations  have 

combat  bacterial  diseases,  and  many  bacter  op  K  P  i  diseases 

been  given,  without  much  effect,  to  , Puente  „  as 

as  dysentery  and  staphylococcus •  in  the 

£.  ’**  » 

purposes  has  been  practically  abandoned. 

.  A  millimicron  is  a  thousandth  ot  a  micron,  one  twenty-five  millionth  of  an  inch.  -  I 


393 

Micro-Organisms  and  Infectious  Diseases 

To  obtain  bacteriophages  in  the  laboratory,  an  emulsion  of  feces  is 
made  and  passed  through  a  fine  filter.  When  a  drop  of  the  filtrate  is 
added  to  a  turbid  bacterial  culture,  the  bacteriophages  kill  and  dissolve 
the  bacteria,  leaving  the  culture  clear  (Fig.  192) .  When  this  culture  is 
filtered  in  turn  and  a  drop  of  the  new  filtrate  placed  on  a  second  bac¬ 
terial  culture,  the  latter  also  will  clear.  Thus,  serial  transfers  of  the 
bacteriophage  can  be  made  indefinitely,  and  since  bacteriophages  mu  ti- 


I'ig.  192.  Photographs  of  stages  in  the  destruction  of  bacteria  by  bacteriophages.  1,  Three 

bacilli,  showing  the  bacteriophage  bodies  inside  the  cells,  three  hours  after  they  first  entered 

’  *lve  m,nutes  •ater,  the  bacteria  have  collapsed  and  the  bacteriophages  have  been  released. 

8  Bacteriophages  floating  freely  in  the  culture  medium.  1>,  Example  of  bacteria  resistant  to 

rowsewPhTge^  gT inff  m  of  free  bacteriophages.  (Merling-Eisenberg,  in  Bur¬ 

rows,  W„  Jordan-Burrows,  textbook  of  Bacteriology.) 


ply  rapidly,  each  successive  filtrate  becomes  more  potent  in  killing  bac- 

Ti;!L»'ke'uia'JTileS,e  dis?ase  or«anisn>s,  named  after  their  discoverer 

h  seem  J  bet  ik  StUdyi"g  the  that  causes 

it,  seem  to  be  on  the  borderline  between  viruses  and  bacteria  Barelv 

lmnSnUgn  o™  h(F:r;rPs'  they  aPPTr  t0  be  and  IpaK 
cnangmg  torm  (F,g.  193).  Some  are  spherical,  others  rod-shaped,  and 
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they  vary  in  length  from  300  to  2000  millimicrons.  Unlike  viruses,  they 
are  microscopically  visible  and  non-filterable,  but  most  of  them  resemble 
viruses  in  failing  to  multiply  outside  living  cells,  although  a  few  have 
been  cultivated  in  special  laboratory  media.  Rickettsias  are  found  in  the 
intestinal  tracts  and  salivary  glands  of  insects,  such  as  lice,  bedbugs  and 
ticks,  and  are  transmitted  to  man  and  other  animals  by  the  bites  of 
these  insects.  The  principal  diseases  in  the  United  States  caused  by 
these  organisms  are  typhus  fever  (not  to  be  confused  with  typhoid 
fever,  caused  by  a  bacillus)  and  Rocky  Mountain  spotted  fever. 

10.  Fungi.  In  the  chapter  on  plants  we  discussed  the  place  of  fungi  in 
the  plant  kingdom,  as  well  as  their  general  characteristics.  Now  we  must 
reconsider  them  as  disease  agents,  though  not  all  types  of  fungi  cause 
disease.  The  group  is  large  and  includes  such  diverse  (and  harmless) 
forms  as  mushrooms  and  slime  molds. 

It  is  not  coincidental  that  the  two  forms  of  plants  which  cause  disease 
_ fungi  and  their  relatives,  bacteria— are  distinctive  in  lacking  chloro- 


Fig  193.  An  epithelial  cell  infected  with  rickettsias  in  the  cytoplasm.  Typical  rickettsias  are 
indicated  by  the  arrows.  (Frobisher,  M,  Jr.:  Fundamentals  o!  Bactenology.) 


nhyll  For  plants  with  chlorophyll  are  capable  of  making  their  own  food 
and  do  not  need  to  live  parasitically.  Many  forms  of  fungi  while  unable 
to  live  independently  of  other  We  forms 

p‘ants  -  — 

m<Like  other  members  of  their  class,  pathogenic  fungUr^ofvario^ts,^ 

naked  eyethife  most  oUheone^  IthXg  animals  are  microscopic.  All 

caused  by  a  worm,  but  y  any  on  survive  and  obtain  nounsh- 

gme°nWt  —  which  digest  the  tough,  insoluble  pro 


ments. 


v- 
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tein  (called  keratin)  of  the  skin’s  dead,  outer  layer.  Only  a  few  other 
organisms,  notably  the  clothes  moth  and  the  carpet  beetle,  have  similar 
enzymes  for  digesting  this  protein.  Other,  more  serious,  but  much  rarer 
diseases  of  man  are  the  result  of  certain  fungi  becoming  established  in 
the  internal  organs,  such  as  the  liver  or  lungs.  Rat-bite  fever  is  one  sue  i 
fungous  disease  transmitted  by  the  bite  of  an  infected  rat. 

Much  more  detrimental  to  other  plants  than  to  animals,  fungi  cause 
enormous  economic  losses.  They  attack  plants  by  entering  through  an 
opening  such  as  a  wound,  and  from  there  proceed  on  through  or  between 
the  plant  cells,  forming  a  matted  mass  of  threads.  Downy  mildews  are 
fungous  diseases  attacking  melons,  grapes  and  potatoes,  and  Ireland  s 
potato  blight  of  the  1840’s,  which  resulted  in  a  famine  that  killed  over 
250,000  people  and  caused  a  mass  migration  to  the  United  States,  was 
the  result  of  one  of  them.  Some  other  fungous  diseases  of  plants  are 
peach-leaf  curl,  canker,  the  molds  which  rot  fruits  and  vegetables,  wheat 
rust,  stinking  wheat  smut,  wilts  (which  result  when  the  matted  growth 
of  the  fungi  obstruct  the  xylem  and  phloem  vessels,  cutting  off  the 
supply  of  water),  and  bracket  fungus  rot  (Fig.  194). 

11.  Protozoa.  Of  the  thousands  of  species  of  protozoa,  only  about 
twenty-five  are  human  parasites,*  and  hence  agents  of  infectious  diseases. 
These  organisms,  though  microscopic,  are  not  so  small  as  bacteria,  the 
pathogenic  ones  varying  in  diameter  from  3  to  80  microns.  Since  the 
types  of  protozoa  causing  disease  are  not  homogeneous,  but  represent  all 
four  classes  of  the  phylum,  it  is  difficult  to  generalize  about  their  char¬ 
acteristics.  All,  of  course,  are  single-celled,  but  in  their  internal  struc¬ 
tures,  outer  shapes,  methods  of  locomotion  and  of  reproduction,  they 
vary  greatly.  The  most  important  human  diseases  caused  by  them  are 
malaria,  African  sleeping  sickness,  and  amebic  dysentery  (see  p.  407) . 

III.  WORMS 

We  turn  now  from  our  discussion  of  micro-organisms  to  a  considera¬ 
tion  of  some  larger  parasites.  Several  classes  of  worms  have  parasitic 
members:  a  majority  of  the  flatworms  are  so,  the  best-known  being  lung 
flukes,  blood  flukes  and  tapeworms.  While  most  of  the  round  worms  are 
free-living,  a  few  are  parasitic— those  parasitizing  man  include  the  pin- 
worm,  whipworm,  Ascaris  and  hookworm,  all  of  which  live  in  the  intes¬ 
tine,  and  the  trichina  worm,  which  dwells  in  the  muscles  (see  p.  409) 
In  length,  these  worms  vary  from  a  millimeter  or  two  to  several  meters 
and  hence  are  easily  visible  to  the  naked  eye  (macroscopic) .  Many  of 
them  have  complex  body  structures  and  complicated  life-cycles,  and 
their  stages  of  reproduction  usually  occur  in  two  or  more  kinds  of 
animals  Thus,  although  certain  types  spend  their  entire  adult  live<= 
within  the  human  organism,  they  do  not  multiply  there,  and  once  wined 
out,  can  reappear  only  by  reinfection. 


IV.  INSECTS 

Insects,  the  last  of  the  types  of  pathogenic  organisms  to  be  discussed 
are  also  macroscopic,  although  they  vary  from  tiny  forms,  such  as  aphids’ 

f  Ji^r6  m""y  m°re  P"ra8ifc  p,a"‘s  animals,  but  most  species  are 
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to  large  ones  such  as  wasps.  Although  man  and  other  animals  are  in¬ 
fected  by  them,  their  chief  victims  are  plants.  Like  the  worms,  they  are 
so  various — representative  of  so  many  different  orders— that  one  cannot 
describe  a  “typical"  parasitic  insect.  A  few  common  ones  are  the  scale 
insects,  gall  insects  (wasps) ,  and  aphids,  or  plant  lice.  Scale  insects 
burrow  into  plants  and  live  by  sucking  their  juices,  but,  paradoxically, 
they  often  secrete  a  poison  which  kills  the  host  and  necessitates  their 


Fig. 
bulges. 
M.,  Jr. 


The  trunk  of  a  tree  infected  with  a  bracket  fungus  which  produces  the  shclflike 
dtcr  Schrenk  and  Spaulding,  Journal  of  Agricultural  Research;  m  Frobrsher, 
undamentals  of  Bacteriology.) 


finding  another  one.  Gall  insects  operate  by  laying  eggs  under  the  bar 
Of  a  tree;  when  the  larva  hatches  from  the  egg  . t  feeds  on  tl  e  t  ssu 
of  the  plant,  stimulating  them  to  grow  a  round  ball  (gaU  « 
body  The  larva  passes  the  winter  m  the  center  of  this  gall,  aim 
spring  changes  into  an  adult  and  bores  its  way  out.  Meanwh.le,  the 

0ftThedSan  Jose  scale,  which  invades  apple,  peach  and  plum  trees,  and 
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the  cottony  cushion  scale,  which  attacks  orange  and  lemon  trees,  are 
the  most  serious  scale  pests  in  America.  One  effective  way  of  combating 
them  is  to  import  other  insects  which  are  their  natural  enemies,  but 
spraying  with  various  insecticides,  notably  DD1,  is  helptul  and  often 
more  convenient.  *■ 

Many  insects  which  do  not  directly  cause  disease  are  detrimental  to 
plants  and  animals  in  that  they  carry  infectious  micro-organisms. 

V.  ANTIBIOTICS 

In  any  natural  environment  there  are  many  species  of  bacteria  and 
fungi,  some  of  them  antagonistic  to  others.*  As  early  as  1879  it  was 
known  that,  when  micro-organisms  are  grown  together  in  the  laboratory, 
one  usually  overcomes  and  kills  the  others.  This  phenomenon  was  given 
the  name  “antibiosis”  and  was  first  explained  as  being  due  to  the  organ¬ 
isms’  competition  for  the  same  nutrients.  Investigators  later  realized 
that  certain  organisms  manufacture  substances  which  are  detrimental 
and  even  lethal  to  others,  and  these  they  called  antibiotics.  The  earliest 
antibiotic  to  be  discovered  (pyocanin)  was  isolated  from  pus  in  1860, 
even  before  the  bacterium  which  produced  it  was  known.  Many  anti¬ 
biotics  have  since  been  isolated  from  bacteria,  and  from  a  wide  variety 
of  plants,  such  as  tomatoes  and  onions. 

Unlike  bacteriophages,  antibiotic  chemicals  are  successfully  used 
against  pathogenic  bacteria.  Today,  the  most  important  ones  are  isolated 
from  molds.  Of  these,  penicillin, f  which  comes  from  a  fungus  closely 
related  to  those  of  Roquefort  and  Camembert  cheese,  is  the  most  effi¬ 
cacious.  Actually,  there  are  three  different  forms  of  this  antibiotic,  only 
one  of  which  is  highly  active  against  bacteria.  In  contrast  to  many  other 
antibiotics,  it  is  not  toxic  when  injected  into  man  and  other  animals. 
Bacteria  exposed  to  the  action  of  penicillin  swell  and  cannot  divide,  so 
that  they  are  easily  destroyed  by  the  body’s  white  blood  cells. 

Not  all  bacteria  are  vulnerable  to  penicillin,  of  course;  some  are  sus¬ 
ceptible  to  streptomycin,  the  second  most  widely  used  antibiotic,  which 
is  extracted  from  actinomyces— organisms  intermediate  between  bac¬ 
teria  and  fungi.  Still  other  antibiotics— flavicidin,  notatin,  aspergillic 
acid,  and  so  forth— come  from  various  other  fungi,  but  are  not  so  useful 
as  penicillin  and  streptomycin,  because  they  are  more  toxic.  The  anti¬ 
biotics  are  of  diverse  chemical  natures:  some  are  protein-like,  some  are 
fatlike,  and  some  are  complicated  organic  chemicals  of  other  types  Thev 
are  much  more  active  against  bacteria  than  the  sulfa  drugs,  which  they 
have  almost  completely  replaced  in  the  treatment  of  many  diseases. 


VI.  the  germ  theory  of  disease 

It  is  rather  startling  to  think  that  a  hundred  years  ago  man  knew 

the C  m1°rerab0lLt  ^  naVlre  °f  COntagious  leases  than  was  known  by 
the  early  Greeks.  But  through  all  the  centuries  of  recurring  plagues. 

flep,e'ldent’  a  relati°nship  called  symbiosis  (see  p  102) 

T  Inis  was  first  discovered  by  Flemine  in  1Q9Q  hut  ......  "  '  * 

ciated  until  1940.  ’  P  ssibilities  were  not  fully  appre- 
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which  swept  countries  and  continents,  killing  thousands  upon  thousands 
of  people,  there  was  apparently  no  inkling  of  what  caused  and  spread 
them.  It  was  not  until  about  1870  that  man  first  realized  the  significance 
of  the  micro-organisms  which  enter  the  body  and  either  attack  the  tis¬ 
sues  directly  or  produce  toxins  which  do. 

Louis  Pasteur,  a  French  scientist  of  the  nineteenth  century,  has  be¬ 
come  an  almost  legendary  figure  as  the  man  who  first  established  the 
germ  theory  of  disease.  He  made  his  discovery  as  the  result  of  studying 
the  “diseases”  of  souring  wine  and  beer.  These  processes  are  caused,  he 
found,  by  micro-organisms  which  enter  the  wine  or  beer  from  the  air  and 
bring  about  undesirable  fermentations,  which  yield  products  other  than 
alcohol.  He  found  that  by  gently  heating  (a  process  now  called  pasteur¬ 
ization)  the  grape  juice  or  beer  mash  to  kill  the  undesirable  organisms, 
he  could  prevent  these  “diseases.”  At  the  request  of  the  French  silk 
industry  he  studied  a  disease  of  silkworms,  which  proved  to  be  caused 
by  another  micro-organism.  From  these  facts  Pasteur  reasoned  that 
many  plant  and  animal  diseases  might  be  caused  by  similar  germs  in¬ 
vading  the  body,  and  he  next  investigated  anthrax  (a  disease  of  sheep 
and  cattle)  and  then  chicken  cholera.  His  treatment,  inoculation,  greatly 
reduced  the  death  rate  from  these  diseases  and,  needless  to  say,  became 
standard  practice.  Later  he  invented  the  cure  now  used  for  rabies  or 
hydrophobia,  the  disease  contracted  through  the  bite  of  a  mad  dog. 

Lord  Lister,  an  English  surgeon,  was  one  of  the  first  to  understand 
the  significance  of  Pasteur’s  discoveries  and  to  apply  the  germ  theory 
to  the  procedures  of  surgical  operations.  He  initiated  antiseptic  tech¬ 
niques  by  dipping  all  his  operating  instruments  into  carbolic  acid  and 
by  spraying  the  scene  of  the  operation  with  that  germicide,  thus  effect¬ 
ing  a  marked  decline  in  the  number  of  fatalities  following  operations, 
which  previously  had  been  high  even  for  minor  ones. 

After  Pasteur,  important  contributions  were  made  to  the  new  science 
of  bacteriology  by  the  German  physician  Robert  Koch,  who  went  to 
great  pains  to  prove  absolutely  that  anthrax  is  caused  by  a  particular 
organism.  In  so  doing,  he  developed  methods  for  isolating  pure  cultures 
of  bacteria  and  for  growing  the  cultures  outside  the  body  of  the  norma 
host  By  extracting  blood  from  an  animal  suffering  from  anthrax  and 
.rowing  the  bacteria  from  it  in  artificial  cultures— transferring  them 
from  culture  to  culture  many  times— he  eliminated  the  possibility  that 
some  contaminating  chemical  might  have  been  causing  the  disease  Bac¬ 
teria  from  the  last  culture,  when  injected  into  a  new  animal,  produced 
anthrax:  it  could  no  longer  be  doubted  that  these  organisms  were  the 

tiuc  cause  of  p  The  evidence  necessary  to  prove  that  a,  par- 

because  of  his  pioneer  work  in  the  field.  They  are  a  classic  example  of 

h7  Zf  or  tissue^ 

the'infected  animal,  and  must  have  a  reasonable  pathological  re 
ship  to  the  disease  symptoms  and  lesions. 
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The  organisms  must  be  isolated  from  the  diseased  host  and  grown 

outside  the  body  in  a  pure  culture. 

3.  A  portion  of  this  culture  must  be  injected  into  a  second,  nonin- 
fected  animal,  and  the  symptoms  and  lesions  of  the  first  animal  must 
appear. 

4.  The  organism  must  be  observed  in,  and  recovered  from,  the  experi¬ 
mentally  diseased  animal  in  pure  culture. 

After  the  discoveries  of  Pasteur  and  Koch  many  investigators  worked 
on  the  problem  of  isolating  and  describing  micro-organisms,  and  we  now 
have  the  benefit  of  their  efforts  in  a  large  body  of  knowledge  about 
infectious  (or  contagious)  diseases — those  ailments  which  are  caused 
by  the  invasion  of  some  organism,  and  which  can  be  transmitted  from 
one  individual  to  another. 

With  the  infectious  diseases  we  complete  our  survey  of  the  main  types 
of  disease,  and  now  we  can  understand  fully  how  they  differ  from  those 
mentioned  previously.  To  sum  up,  the  word  “disease”  means  any  mal¬ 
functioning  of  a  plant  or  animal  body,  and  includes  those  caused  by  the 
lack  of  some  nutrient  (deficiency  diseases) ,  those  caused  by  some  ab¬ 
normal  functioning  of  the  cells,  such  as  cancer  or  the  endocrine  diseases 
(clinically  called  “metabolic”  diseases) ,  and  mental  ailments,  as  well 
as  the  contagious  ones  with  which  we  are  concerned  here.  The  phenom¬ 
enon  of  infectious  disease  is  simply  the  result  of  parasitism,  and  indi¬ 
cates  that  some  form  of  life  is  obtaining  its  nourishment  from  some 
other  form  at  the  expense  of  its  host’s  well-being. 


VII.  HOW  MICRO-ORGANISMS  CAUSE  DISEASE 

d  liree  factors  make  it  possible  for  these  pathogenic  organisms,  tiny 
as  they  are,  to  be  effective  in  incapacitating  and  killing  organisms  as 
large  as  man,  and  larger.  The  first  is  their  previously  noted  prodigious 
rate  of  multiplication,  enabling  them  to  increase  their  numbers  to  count¬ 
less  billions  within  a  few  hours,  and  to  place  a  tremendous  material 
burden  on  the  tissues.  The  second  is  their  ability  actually  to  destroy 
tissues  of  the  body,  thus  interfering  with  the  source  of  important  func¬ 
tions.  But  perhaps  more  deadly  than  either  of  these  is  their  third  method 
of  attack  the  production  of  poisonous  substances,  known  as  toxins.  A 
toxin  usually  affects  one  particular  organ  or  organ  system— the  central 
nervous  system  or  the  red  blood  cells,  and  so  forth— rather  than  the 
body  as  a  whole,  thus  producing  a  characteristic  set  of  symptoms  bv 
means  of  which  the  physician  can  diagnose  the  disease  and  the  organism 


These  chemical  substances  which  bacteria*  produce  are  of  two  types 
called  exotoxins  and  endotoxins.  An  exotoxin  is  an  ex trcmelT potent 

SXTTS-Js:  the  bac.ter.,al  ceI1  to  the  outside  environment.  A  mere 
0.002  cc.  of  diphtheria  toxin  is  lethal  for  a  guinea  pig  as  is  n  onn*  1  t 

tetanus  (lockjaw)  toxin,  and  0.0001  cc.  of  botulinus  (food  poisoning) 
givVoVtoxiilbUthmostr„1  of  bactCTi*-  w  viruses  do 

as,  primarily  by  invading  Tr 

that  some  do  give  off  toxins.  J  unsubstantiated  evidence  indicates 
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toxin.  Why  these  proteins  are  so  poisonous  is  unknown,  for  they  do  not 
seem  to  differ  in  any  essential  way  from  completely  harmless  ones,  such 
as  egg  albumin.  It  may  be  that  they  block  some  fundamental  chemical 
process  of  the  cell,  or  they  may  function  as  enzymes  to  destroy  some 
essential  part  of  it.  Whatever  the  explanation,  they  are  easily  destroyed 
by  heat  and  enzymes  (the  botulinus  poison  is  an  exception  to  this,  so 
that  it  alone  ot  the  exotoxins  is  effective  when  eaten,  the  others  being 
destroyed  by  the  digestive  enzymes). 

1  lie  otliei  t j  pe  of  toxins,  endotoxins — not  all  of  which  are  proteins _ 

are  made  and  kept  within  the  bacterial  body,  and  released  only  after 
the  bacterium  dies  and  dissolves.  These  are  not  so  powerful  as  exotoxins, 
but  neither  are  they  so  easily  destroyed  by  heat  and  enzymes. 

Each  kind  of  pathogenic  bacterium  both  invades  tissues  and  produces 
a  toxin  to  some  extent,  and  they  can  be  arranged  in  a  series,  from  the 
botulinus  organism,  which  is  very  toxic,  but  least  invasive,*  through 
tetanus,  diphtheria,  streptococcus,  and  staphylococcus  bacteria,  to  the 
tuberculosis  bacillus,  which  is  not  very  toxic,  but  invades  and  destroys 
tissues  extensively. 

Bacteria  are  not  unique  in  producing  toxins.  Substances  similar  to 
exotoxins  are  found  in  the  seeds  of  certain  plants,  such  as  the  castor  oil 
bean,  and  in  the  secretions  of  certain  animals,  such  as  the  rattlesnake 
and  cobra,  the  scorpion  and  black  widow  spider. 


VIII.  BODY  DEFENSES  AGAINST  DISEASE 

Against  these  weapons  of  pathogenic  organisms  the  body  is  armed 
with  a  highly  effective  first  line  of  defense,  in  the  form  of  the  skin,  mu¬ 
cous  membranes  and  digestive  tract  lining.  Bacteria  cannot  ordinarily 
penetrate  the  skin,  unless  a  break  is  provided  by  a  wound.  Sometimes 
they  enter  by  way  of  the  sweat  gland  ducts  or  hair  follicles,  but  they  are 
not  often  able  to  reach  deeper  tissues  by  these  routes.  Furthermore,  the 
skin  can  actively  destroy  many  kinds  of  bacteria,  although  its  ability 
to  do  so  is  reduced  by  the  presence  of  dirt,  and  ceases  completely  within 
fifteen  minutes  after  death.  The  sticky  mucus  secretions  of  the  digestive 
tract,  nose  and  lungs  are  efficacious  in  preventing  the  spread  of  bacteria, 
by  trapping  them,  while  the  mucous  membranes  themselves  serve  as 
mechanical  barriers  to  their  entrance.  Still  another  barrier  lies  in  the 
ciliated  cells  of  the  upper  passages  of  the  respiratory  tract,  whose  con¬ 
stant  beating  moves  the  bacteria  up  towards  the  pharynx,  where  they 
are  swallowed.  In  the  stomach  the  majority  of  organisms  are  destroyed 
by  the  gastric  juice,  but  a  few,  protected  perhaps  by  a  particle  of  food, 
survive  and  multiply  in  the  intestine.  These  are  constantly  being  elim¬ 
inated  with  the  feces.  Both  male  and  female  urethras  are  normally  quite 
free  of  bacteria,  owing  to  the  constant  flushing  by  the  slightly  acid 
urine.  The  normally  acid,  vaginal  secretions  are  lethal  for  most  species 

If  disease  organisms  are  successful  in  penetrating  these  first  lm 

*  Usually  this  anaerobic  organism  does  not  itself  invade  the  bo< iy /  ‘i ~  s^inTine- 

deadly  of  all— is  taken  into  the  body  via  improperly  canned  food,  and  »  e  hal  a  most  un 
diately.  From  this  it  is  obvious  that  botulism  ,s  not  a  contagious  d,sease,  like  all  the 

discussed  in  this  chapter. 
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defense,  other  mechanisms  come  into  play  to  control  them.  One  of  these 
is  the  process  of  inflammation,  effective  in  localizing  an  infection.  The 
presence  of  foreign  bodies  stimulates  a  dilatation  of  the  capillaries  (hence 
the  reddening  of  the  area) ,  and  the  increased  blood  supply  brings  blood- 
dotting  elements  and  white  cells  to  combat  the  invaders.  The  formation 
of  a  clot  traps  them  so  that  they  cannot  spread,  while  connective  tissue 
fibers  grows  around  the  periphery  of  the  clot  and  wall  them  off.  I  he  pus 
of  an  infection  such  as  a  pimple  or  boil  consists  simply  of  masses  of 
bacteria  in  the  process  of  being  engulfed  by  white  corpuscles.  IIow  the 
lymph  nodes  function  in  preventing  the  spread  of  infection  has  already 
been  discussed  (Chap.  9) .  When  the  body  is  in  poor  condition,  owing 
to  anemia,  lack  of  vitamins,  previous  infectious  diseases,  or  any  other 
cause,  it  obviously  cannot  be  so  effective  against  invasion  by  disease 
organisms.  This  is  why  some  people  seem  to  get  one  thing  after  another, 
while  others  seem  invulnerable  to  disease. 

13.  Acquired  Immunity.  In  the  eighteenth  century  many  people,  feel¬ 
ing  sure  that  they  would  contract  smallpox  at  some  time  in  their  lives, 
exposed  themselves  deliberately  in  order  to  have  it  at  their  convenience 
and  get  it  over  with.  Even  today  some  parents  expose  their  children 
to  childhood  diseases  from  the  same  motive,  because  they  know  that 
certain  diseases  do  not  occur  twice  in  a  lifetime.  This  type  of  resistance 
— the  body’s  last  line  of  defense — is  known  as  acquired  immunity.  But 
a  person  immune  to  smallpox,  from  having  been  a  victim  of  it,  is  no 
more  immune  to  measles  or  any  other  disease  than  someone  who  has 


never  had  smallpox,  and  for  this  reason  we  say  that  immunity  is  specific. 

Actively  acquired  immunity  depends  upon  the  body’s  release  of  certain 
chemicals,  called  antibodies,  into  the  blood  and  tissue  fluids,  after  the 
invasion  of  some  foreign  protein,  called  an  antigen.  These  two  chemicals 
—antigen  and  antibody— react  upon  each  other  with  the  result  that  the 
body  is  protected  from  injury.  For  example,  if  some  egg  albumin  (a  pro¬ 
tein)  is  injected  into  a  rabbit,  the  animal’s  cells  respond  by  producing 
antibodies  specific  for  albumin,  both  then  and  forever  after.  Similarly, 
the  body  can  produce  a  particular  kind  of  antibody,  known  as  an  anti¬ 
toxin,  in  response  to  the  presence  of  a  toxin  (usually  protein)  released 
by  a  bacterium.  When  enough  antitoxin  has  been  produced,  the  body 
is  no  longer  affected  by  that  particular  toxin.  Some  of  the  nonprotein 
endotoxins  do  not  stimulate  antibody  production,  and  therefore  are  more 
dangerous  to  the  body. 


Antibodies  react  to  the  offending  antigen  in  several  different  ways. 
1  hey  combine  with  some  toxins,  neutralizing  their  poisonous  qualities- 
in  other  cases  they  dissolve  the  bacterial  cells;  or  they  may  sensitize 
the  bacteria  making  them  more  vulnerable  to  the  white  corpuscles. 
Sometimes  they  agglutinize  the  organisms,  thus  preventing  their  spread, 
.and  making  their  entrapment  by  the  lymph  nodes  more  certain.  Finally 
they  may  precipitate  the  molecules  of  a  toxin  and  render  them  inactive' 
noth er  more  pleasant  way  in  which  immunity  may  be  acquired 
is  through  inoculation  with  a  vaccine,  which  we  have  mentioned Xadv 
in  connection  with  Pasteur.  A  vaccine  is  the  commercially  produced 
ntigcn  of  a  particular  disease,  strong  enough  to  stimulate  the  bodv  to 
nuke  antibodies,  but  not  sufficiently  strong  to  cause  the  disease’s  harm- 
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ful  effects.  Toxicity  of  the  antigen  is  reduced  in  various  ways.  In  some 
vaccines  only  a  small  amount  of  the  toxin  is  present.  In  others  both 
the  toxin  and  the  antitoxin  are  combined,  so  that  while  the  antigen 
stimulates  the  body  to  produce  more  antibodies,  the  antibodies  of  the 
vaccine  act  as  protection  for  the  cells.  Still  other  toxins  are  heated  or 
treated  chemically  to  destroy  their  deleterious  properties,  without  de¬ 
stroying  their  ability  to  stimulate  antibody  production:  such  a  vaccine 
is  known  as  a  toxoid.  Another  method  is  to  attenuate  the  cultures  of 
bacteria  by  growing  them  for  long  periods  of  time  in  test  tubes,  until 
they  have  lost  some  of  their  toxicity.  Rabies  vaccine  is  attenuated  by 
drying,  others  by  injection  into  a  series  of  laboratory  animals.  Typhoid 
vaccine  may  be  prepared  with  the  use  of  dead  typhoid  bacteria. 

The  vaccination  technique  was  discovered  late  in  the  eighteenth  cen¬ 
tury  by  the  English  physician  Edward  Jenner,  when  he  noticed  that 
dairy  workers  handling  cows  with  cowpox,  never  had  smallpox.  When 
he  tried  scratching  some  serum  from  the  pustules  on  a  cow’s  udder  into 
a  human  being,  a  mild  disease  resulted,  with  a  single  localized  pox  at  the 
point  of  injection.  Men  so  vaccinated  never  acquired  smallpox.  It  is 
now  known  that  the  same  virus  causes  smallpox  in  human  beings  and 
cowpox  in  cows,  but  in  the  cow’s  body  it  becomes  attenuated  so  that, 
when  introduced  into  a  human  being,  it  produces  a  mild  disease  resem¬ 
bling  cowpox,  and  confers  immunity  to  the  more  serious  disease.  The¬ 
oretically,  it  should  be  possible  to  immunize  against  all  diseases  by 
inoculations,  but  the  means  for  doing  so  have  not  been  developed  for 
many  important  diseases,  among  them  tuberculosis,  infantile  paralysis, 
influenza  and  syphilis. 

When  a  person  has  contracted  a  disease  and  needs  antibodies  im¬ 
mediately  to  combat  its  antigens,  his  body  may  not  be  able  to  manu¬ 
facture  them  quickly  enough.  In  such  cases,  antibodies  produced  by 
some  other  animal — usually  a  horse — are  injected  to  tide  him  over  unti 
his  own  body  can  produce  enough  to  protect  him.  The  injection  o  pre 
pared  antibodies  (called  a  serum)  is  the  only  method  of  passively  ac¬ 
quiring  immunity;  although  immediately  effective,  it  disappears  entirely 


To  prepare  a  serum,  bacteria  are  first  cultured  in  test  tubes  until  they 
have  produced  a  large  amount  of  toxin.  This  is  then  injected,  in  increas¬ 
ing  doses,  into  a  horse,  which  responds  by  ^aduafiy  buying  up  a  tre¬ 
mendous  amount  of  antitoxin  in  its  blood.  Finally,  blood  is  withdrawn 
from  the  animal  at  intervals  and  processed  to  remove  the  blond 

and  concentrate  the  antitoxin.  .  .  milT1;tv  rer- 

14  Natural  Immunity.  For  all  animals  and  plants,  immunity  to  ce 

tain  diseases  is  a  part  of  their  heritage  and  does  not  1 "because 
For  example,  human  beings  cannot  "catch”  chicken  chole, a because 

thev  have  antibodies  for  its  antigen.  There  is  evif  on  <jjseases  as 

races  of  man  differ  hereditarily  in  their  resistance  to  such  disease 

25  as 
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diseases,  such  as  measles,  which  are  relatively  mild  in  civilized l  nations 
today,  were  extremely  virulent  among  the  American  Indians  and  South 
Sea  Islanders  when  they  first  came  into  contact  with  them  Syphilis, 
too,  is  a  much  milder  disease  now  than  at  the  time  ot  its  introduction 
into  Europe,  when  it  often  was  fatal  in  less  than  a  month.  And  many 
tropical  diseases,  such  as  malaria  and  sleeping  sickness,  are  severer  tor 
white  men  than  they  are  for  the  natives.  Other  diseases,  original  y 
widespread,  have  become  rare  with  the  passage  ol  time  leprosy,  tor 
example,  was  extremely  frequent  in  biblical  times. 

This  progressive  change  is  usually  interpreted  as  being  the  result  of 
a  gradual  process  of  “natural  selection.’  Thus  people  who  survived  in 
the  early  days  of  the  disease  passed  on  their  “survival  ability  to  their 
offspring,  and  so  on.  It  is  possible,  also,  that  in  some  diseases  the  micro¬ 
organism  itself  has  undergone  an  adaptation,  resulting  in  a  decrease 


of  virulence. 

15.  Allergy.  Similar  to  the  antigen-antibody  reaction  of  immunity, 
is  another,  responsible  for  the  type  of  hypersensitivity  called  allergy, 
which  is  expressed  in  such  conditions  as  asthma,  hay  fever,  skin  rashes, 
and  so  on.  This  is  due  to  the  fact  that  any  protein  (antigen)  which 
gets  into  the  body  not  only  stimulates  the  production  of  antibodies 
specific  for  it,  but  changes  the  reactivity  of  the  cells.  Then,  if  it  enters 
the  body  again  (at  any  time  after  about  two  weeks) ,  its  presence 
provokes  any  one  or  several  of  a  multitude  of  symptoms:  nausea,  weak¬ 
ness,  lowered  temperature,  convulsions  and  even  death.  Such  symptoms 
are  the  outward  signs  of  the  body’s  fight  against  the  antigen.  An  allergy, 
like  immunity,  is  highly  specific  for  a  particular  protein.  Sometimes  the 
unpleasant  symptoms  disappear  after  the  reaction  to  the  second  in¬ 
vasion,  but  often  they  recur  for  years  or  even  throughout  life,  when¬ 
ever  the  antigen  is  present.  Desensitization  may  be  accomplished  by 
successive  injections  of  minute  amounts  of  the  antigen. 

Perhaps  the  most  common  of  all  allergies  is  that  involving  the  pollen 
of  certain  plants— roses,  goldenrod,  ragweed,  and  so  on — known  as  hay- 
fever,  rose  fever,  and  the  like.  The  protein  antigen  of  the  pollen  enters 
the  body  through  the  mucous  membranes  of  the  nose  or  mouth  and 
causes  a  sensitization.  When,  later,  more  pollen  comes  into  contact  with 
these  membranes,  they  become  swollen  and  irritated,  and  all  the  symp¬ 
toms  of  a  cold  result. 


Allergy  to  a  particular  kind  of  food  is  initiated  when  some  undigested 
protein  passes  through  the  lining  of  the  digestive  tract  (via  a  cut  or 
lesion  in  the  wall) ,  and  on  into  the  blood  stream.  After  sensitization  to 
the  protein  has  occurred,  the  next  time  the  person  eats  the  food  he  may 
ecome  nauseated,  or  have  hives,  or  some  other  reaction 
To  test  for  an  allergy,  a  small  amount  of  sterile  solution  of  a  par¬ 
ticular  protein  is  injected  into  the  patient’s  skin.  If  he  is  allergic  to  the 
protein  a  large,  localized,  inflamed  area  appears,  owing  to  the  antigen- 
antibody  reaction.  The  greatest  care  must  be  exercised  that  the  test 

?n  ,°,eS  S'*  gCl  Under  lhe  skin'  where  il  m>§ht  come  into  contact 
is  not  already^  senXeT  SenS't,Ze  **“  PerS°n  l°  the  Substance  if 
It  should  hardly  be  necessary  to  say  that,  although  allergies  are  a 
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iorin  of  disease  (asthma  is  an  example  of  how  devastating  they  may  be) , 
they  are  not  infectious,*  since  they  are  not  caused  by  organisms.  We 
include  them  in  this  chapter  because  the  mechanism  responsible  for 
them  is  similar  to  that  of  immunity. 

IX.  THE  SPREAD  OF  MICRO-ORGANISMS 

Naturally,  the  number  of  deaths  each  year  due  to  infectious  diseases 
has  decreased  steadily  and  markedly  since  the  discoveries  of  Pasteur 
and  Koch.  The  explanation  of  this  lies  partly  in  the  discovery  of  better 
methods  of  treatment — the  use  of  antitoxins,  sulfa  drugs,  penicillin, 
streptomycin,  aureomycin  and  so  on — but  even  more  in  our  increasing 
efforts  to  prevent  the  spread  of  micro-organisms,  i  o  infect  a  new  host 
there  must  be  some  way  for  organisms  to  get  from  one  person  to  another, 
and  since  most  of  them  can  exist  for  only  short  periods  of  time  outside 
the  body,  usually  the  best  way  to  eliminate  contagious  diseases  is  to 
eliminate  the  means  whereby  the  causative  agents  are  transmitted.  The 
Federal  Government,  the  individual  states,  and  many  cities  and  counties 
have  departments  of  Public  Health,  whose  task  is  the  prevention  of 
infectious  diseases  by  the  enforcement  of  quarantines,  inspection  of  food 
supplies,  elimination  of  insect  pests,  testing  of  dairy  herds,  supervision 
of  milk  pasteurization,  filtration  and  chemical  treatment  of  water  sup¬ 
plies,  and  sanitary  disposal  of  sewage.  These  measures,  which  were  pos¬ 
sible  only  after  scientists  had  learned  enough  about  micro-organisms  to 
determine  how  they  could  be  attacked,  now  help  protect  us  from  the 
terrible  epidemics  or  plagues  of  former  ages. 

Many  microbes  can  pass  from  man  to  man  only  by  the  immediate 
contact  of  the  two.  In  such  cases  isolation  or  quarantine  of  diseased 
persons  is  an  effective  way  of  preventing  the  spread  of  the  disease. 
Quarantines  were  used  long  before  the  nature  of  disease  was  understood, 
for  man  early  discovered  that  some  illnesses  were  contagious.  But  even 
the  strictest  quarantine  measures  fail  to  prevent  some  spread  of  disease 
because  many  people  are  what  is  known  as  “immune  carriers,”  infected 
persons  who  have  antibodies  protecting  them  from  the  harmful  effects 
of  the  organisms,  and  thus  the  appearance  of  disease  symptoms.  In  any 
disease  epidemic  several  times  as  many  people  have  a  mild  case,  am 
perhaps  never  know  that  they  have  had  it,  as  those  who  suffer  the 
severe  recognizable  form.  Immune  carriers  can,  of  course,  transmit  the 
micro-organisms  to  others  who  are  susceptible,  and  so  unconsciously 
infect  them.  Typhoid,  diphtheria,  pneumonia  and  infantile  paralysis  are 

<mrpnd  to  a  large  extent  by  immune  carriers. 

Xodav  the  number  of  people  suffering  from  typhoid  is  less  han  a 
hundredth  of  what  it  was  in  1890,  owing  chiefly  to  the  use  of  chlorine 
and  other  disinfectants  in  drinking  water.  The  drinking  water  of  Amer¬ 
ican  cities  is  so  pure  that  inoculation  for  typhoid  is  unnecessary  excep 
in  emergencies,  Tuch  as  floods,  when  the  water  is  likely  to  become 

taMn!ttenf  the  milk  sold  in  American  cities  has  been  pasteurized,  or 
held  to  a  ?emperatme  of  145"  F.  for  thirty  minutes.  This  treatmen 

,  Nor  are  they  inherited,  although  a  tendency  to  be  easily  sensed  (to  make  ant, hod, e 
readily)  may  be  inherited. 
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kills  all  the  harmful  bacteria  known  to  be  transmitted  by  milk:  the 
germs  of  diphtheria  die  at  129°,  those  of  typhoid  at  13(>  and  those  of 
tuberculosis  at  138°  F.  But  some  harmless  bacteria  survive  the  treat¬ 
ment,  so  that  milk  is  not  sterile  and  will  turn  sour  if  left  in  a  warm 
place.  And  of  course  any  harmful  organisms  which  get  into  it  after 
pasteurization  multiply  rapidly,  for  milk  is  an  excellent  culture  medium 
for  most  bacteria. 

Perhaps  the  greatest  single  reason  for  the  decrease  in  contagious  dis¬ 
eases  is  simply  the  increasing  tendency  toward  general  cleanliness — the 
increase  in  bathing,  and  the  more  careful  handling  of  food,  disposal  of 
garbage  and  sewage,  and  the  like,  are  all  measures  destructive  of  bac¬ 
teria  which  otherwise  might  get  into  the  body. 


X.  SOME  COMMON  INFECTIOUS  DISEASES 

16.  Infantile  Paralysis.  The  causative  agent  of  infantile  paralysis  is  a 
filterable  virus,  which  enters  the  body  either  through  the  nasal  mem¬ 
brane  to  the  olfactory  nerves,  whence  it  passes  to  the  brain  and  spinal 
cord,  or  by  the  digestive  tract,  whence  it  passes  to  the  nervous  system 
via  the  blood  stream.  Recent  electron  microscope  studies  at  the  Massa¬ 
chusetts  Institute  of  Technology  have  shown  that  the  virus  passes  along 
the  nerves  through  ultramicroscopic  nerve  tubules,  bundles  of  which 
constitute  each  single  axon.  It  attacks  and  destroys  these  nerve  cells, 
particularly  those  of  the  motor  nerves,  thus  causing  paralysis  of  certain 
parts  of  the  body.  Withering  of  the  limbs,  however,  is  caused  only  in¬ 
directly:  because  they  are  paralyzed  and  hence  unusable,  the  muscles 
atrophy  from  lack  of  exercise.  In  common  with  most  virus  diseases, 
there  is  no  satisfactory  laboratory  test  for  infantile  paralysis,  and  diag¬ 
nosis  in  the  early  stages  is  difficult  because  many  of  its  symptoms  re¬ 
semble  those  of  a  bad  cold.  Nor  is  there  any  method  for  curing  it;  pres¬ 
ent  treatment  consists  in  keeping  the  patient  in  bed  and  well  nourished 
so  that  a  maximum  of  his  energy  can  be  used  for  combating  the  disease. 
Since  it  is  spread  by  the  coughing  and  sneezing  of  infected  persons, 
prevention  is  aided  by  their  segregation,  which  is  the  reason  why  all 
Public  assemblies  are  forbidden  during  severe  epidemics. 

17.  Typhus.  A  rickettsia  transmitted  to  man  by  rat  fleas,  or  lice 
infecting  either  rats  or  humans,  is  the  cause  of  one  of  the  great  plague 

iseases,  typhus.  Usually  associated  with  filth  and  overcrowding,  epi- 

on!TnnSn0ften  foll°W  the  disruPtions  of  war,  and  after  World  War  I  25- 
000,000  cases  occurred  in  Russia  alone.  That  such  an  epidemic  did  not 

accompany  World  War  II  was  primarily  due  to  the  extermination  of 
fleas  and  lice  by  libera  use  of  the  insecticide  DDT.  The  disease  begins 

'  J,a  V,°.Ient.  headache  and  fever,  followed  by  prostration  and  the 

nipt  ion  of  red  spots.  Frequently  it  is  lethal,  the  fatality  rate  varying 

eTfL  <liffer\nt  e,,ilIcmics-  There  is  a  diagnostic 

test  tor  It  (the  Weil-Felix  reaction)  which  depends  on  an  antibodv- 

tigen  reaction,  but  there  is  no  satisfactory  treatment. 

IB.  Syphi  is  Tins  disease  was  not  recognized  in  Europe  before  I  .ton 

afn^thaf  "t  haS  f  «  ™«er  of  dispute:  some  have  ,naS 

tamed  that  ,t  was  brought  back  to  Europe  from  the  New  World  hv 

Golumbus'  crew:  others,  that  it  was  already  present  in  Europe  At  any 
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rate,  some  of  Columbus’  crew  accompanied  King  Charles  VIII  of  France 
on  his  invasion  of  Italy  in  1494,  and  the  epidemic  which  started  in  Italy 
at  that  time  spread  over  Europe  as  the  troops  scattered  at  the  end  of 
the  war.  The  French  called  it  the  Italian  disease,  and,  naturally,  the 
Italians  called  it  the  French  disease.  It  derives  its  present  name  from 
the  principal  character  in  a  poem  by  Fracastorius,  written  in  1530,  which 
described  the  then  current  methods  of  treatment  with  sulfur  and  mer¬ 
cury. 

Its  causative  agent  is  a  long,  tightly  coiled  bacterium,  called  a 
spirochete  (Fig.  195) ,  which  usually  is  brought  into  the  body  by  the 
contact  of  the  mucous  membranes  of  the  penis  and  vagina  during  sexual 
intercourse.  It  may  possibly  be  contracted  occasionally  by  indirect 
means,  if  a  person  puts  to  his  mouth  something  which  has  just  been  in 
contact  with  the  mouth  of  a  syphilitic*  Or  syphilis  may  be  present 


v 

L  ' 

book  of  Bacteriology.) 


from  birth,  transmitted  by  an  infected  mother  to  her  child  either  befo 
°V\Vihn)ectbn  proceeds  through  three  stages.  In  the  primary  » 

h  s  period  the  spirochetes  spread  through  the  blood  stream  to  othe 
partsPof  the  body,  causing  additional  sores  and  lesion s  But  a  bng  t  m 
may  pass  during  which  there  is  no  external  evidence  of  mt«  ^ 
that  a  patient  may  think  he  is  cured  w  en  ^  .g  fatal  A1I  the 

the  tertiary  stage  occurs  after  severa  y  ^,  systenl)  may  be 

racked'  ^uSintaXi-nd  insanity  due  to  the' destruction  of 

*  Medical  opinion  is  divided  "ndred'^Snlra^ JdiSy^  prebabbthe  hen- 

certainly  ninety-nine  cases  out  of  a  hundred  a 

dredth  as  well. 
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As  you  might  expect,  diagnosis  varies  according  to  the  stage  oi  the 
disease.  In  the  first  stage,  demonstration  with  the  aid  of  a  darkfield 
microscope  of  the  presence  of  spirochetes  in  the  chancre  or  sore  is  a 
positive  test.  In  the  secondary  and  tertiary  stages  the  famous  Wasser- 
maiiii  test,  or  one  of  its  refinements,  is  used.  The  Wassermann  test, 
which  is  based  on  an  antigen-antibody  reaction,  cannot  be  used  in  the 
primary  stage  because  the  antibodies  do  not  develop  until  two  or  three 
weeks  after  infection.  For  many  years,  treatment  of  syphilis  depended 
upon  repeated  injections  of  the  chemical  salvarsan,  or  one  of  its  deriva¬ 
tives,  containing  arsenic.  The  discovery  of  this  chemical,  which  is  poison¬ 
ous  enough  to  kill  the  spirochetes,  but  not  sufficiently  toxic  to  kill  the 
patient,  was  the  result  of  a  long  process  of  trial  and  error,  carried  on  by 
the  German  physician  Ehrlich.  Treatment  with  salvarsan  is  still  standard 
procedure,  although  it  is  supplemented  now  with  the  administration  of 
penicillin,  and  the  artificial  induction  of  high  fevers  which  kill  the 
spirochetes. 

The  prevalence  of  syphilis  in  the  United  States  varies  widely  in 
different  parts  of  the  country  and  among  different  groups  of  people.  In 
one  random  series  of  autopsies,  it  was  found  in  about  5.5  per  cent  of 
the  total  150,000  cases.  Of  the  first  two  million  men  drafted  in  World 
War  II,  2.3  per  cent  of  the  whites,  and  27.2  per  cent  of  the  Negroes,  were 
infected.  Since  spirochetes  cannot  live  outside  the  body,  syphilis  could 

be  abolished  by  the  discovery  and  treatment  of  every  infected  person _ 

a  program  which  has  been  remarkably  successful  in  some  of  the  Eu¬ 
ropean  countries,  notably  Denmark  and  Sweden.  The  difficulty  lies  in 
getting  everyone  to  take  a  Wassermann,  and  in  persuading  those  in- 
fected  to  continue  treatment  until  they  can  no  longer  infect  others 

19.  Athlete’s  Foot.  This  widespread,  irritating,  but  usually  harmless 
disease  is  transmitted  from  person  to  person  in  public  showers  or  similar 
damp  places.  Spores  of  the  fungi  from  an  infected  person  are  deposited 
on  the  moist  floor  and  picked  up  by  the  next  one  to  step  there  Diag¬ 
nosis  can  be  made  by  microscopic  examination  of  scrapings  from  the 
infected  parts,  but  ordinarily  this  is  not  necessary,  for  the  symptoms  are 
common  and  easily  recognizable.  The  fungus  usually  grows  between  the 

oes,  wheie  the  skin  is  soft  and  moist,  but  sometimes  it  appears  on  the 
soles  of  the  feet,  the  hands,  or  even  in  the  scalp  or  beard.  The  first  signs 
ot  it  are  itching,  and  tiny  blisters  which  break,  exposing  the  raw  pfnk 
underskm  Spreading  is  usually  slow  and  gradual.  Athlete’s  foot  can  be 
cured  by  the  application  of  weak  acids,  and  can  be  prevented  by  the 
use  of  fungicidal  baths  in  locker  and  shower  rooms,  and  by  thorough 
drying  of  all  parts  of  the  body  after  bathing.  y  8 

20.  Amebic  Dysentery.  Amebic  dysentery  is  well  known  as  a  “trav 

eler  s  disease,  because  it  is  often  picked  un  hv  the  t  ■  ln  ' 

countries  where  human  feces  are  used  for  fertilizer  It  is  al  °rClgner  ln 
around  army  bivouacs  and  on  board  !,  !  ‘  ‘S  a'S0,  common 

even  occurs  from  time  to  time  in  1L  Untd  S  t  T  'T'*’  “d  * 
suffer  from  it  whenever  conditions  of  sanitation  'are  pool-11  ’  Pe°P'e 

CySK  In  tHe  ** 
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which  attach  themselves  to  the  tissues  of  the  large  intestine,  causing 
ulcers  which  interfere  with  the  functioning  of  the  colon,  and  conse¬ 
quently,  diarrhea.  Diagnosis  of  the  disease  is  made  certain  when  micro¬ 
scopic  examination  of  the  feces  reveals  the  amebas  and  their  cysts.  It  is 
treated  by  the  administration  of  drugs  to  kill  the  ameba.  Sanitation, 
including  thorough  sewage  disposal  and  cleanliness  in  the  preparation 
of  food,  is  its  only  preventative. 

21.  Tapeworm  Infections.  The  tapeworm,  which  has  become  a  kind 
of  joke,  but  is  not  at  all  amusing  to  those  who  have  one,  owes  its  name 
to  its  shape,  which  resembles  a  measuring  tape,  and  may  be  from  6  to 


30  feet  long  The  adult  worm  lives  only  in  the  digestive  tract  of  man  ‘ 
wh re it  lays  eggs,  which  it  fertUizes  itself  (the  ^ 

and  which  “who^edfesTve  tract  the 

by  an  intermediate  host  a  h  g  ^  ^  ^  of  ^  intestine,  enter 

eggs  grow  into  larvae  The  t|e  muscles,  where  they  develop 

the  blood  stream  and  a  «-  „  ^yjien  the  hog  or  cow 

into  small,  cystlike  “bladderworms (F,g  196T  t0  kill 

is  killed,  and  the  meat  is  eaten  without  b  g^^  Jhe  bladderworm 
the  bladderworms,  the  person  jnt0  an  aduit>  and  fastens  onto 

*  But  there  are  many  other  species  f 
vertebrate. 
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up”  digested  food  from  its  host  (for  it  has  no  mouth  and  no  digestive 
tract  of  its  own)  and  consequently  causing  cramps,  indigestion  and 
malnutrition.  Diagnosis  of  the  disease  depends  upon  the  demonstration, 
by  a  trained  laboratory  technician,  of  tapeworm  eggs  in  the  feces.  Treat¬ 
ment  consists  in  administering  drugs  to  kill  or  anesthetize  the  worms, 
followed  by  purges  to  flush  them  out.  Prevention  is  effected  by  thorough 
cooking  of  all  flesh  eaten  (other  tapeworms  are  acquired  from  raw  fish) , 
by  the  disposal  of  sewage  to  prevent  the  infection  of  intermediate  hosts, 
and  by  inspection  of  all  carcasses  destined  for  the  market. 

22.  Trichinosis.  The  worm  causing  this  disease  differs  from  the  tape¬ 
worm  (they  belong  to  different  phyla)  in  being  small  and  round.  The 
larvae,  which  are  minute,  coiled  worms,  1  mm.  long,  lie  within  the  mus¬ 
cles  of  a  hog,  enclosed  by  lemon-shaped  cysts  (Fig.  197)  .  When  the 


fi.Fig'  i°e-  T!ie  r°Und"T,m’  Trichinella  *P*ralis.  A,  Larvas  burrowing  among  the  muscle 
•  CrSn  ’a  mgle’,enCySted  a.rva'  C’  Piece  of  P°rk  containing  many  encysted  worms  natural 
Ma'cndilanVo )  W°rm’  ^  (W°°drufT:  Found^ons  of  Biology,  published’  by  The 


animal  s  flesh  is  eaten  by  a  human  being,  if  it  is  not  thoroughly  cooked 
the  cysts  are  digested  away  in  the  stomach  and  the  worms  enter  the 
small  intestine  and  mature  in  about  two  days.  After  a  week  or  so,  when 

;  f.™*!es  fggs  have  been  fertilized  by  the  males’  sperm  the  females 

deposit  tiny  larvae  in  the  intestinal  lining.  From  here,  the  larvaeTass 
la  the  blood  stream,  to  the  muscles,  where  they  form  cysts  There  are’ 
en  two  distinct  phases  of  the  disease:  the  first,  when' the  intestine  is 

'  he  disease  can  be  diagnosed  bv  nn  A  ,  en  Pork  scraps. 
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does  not  include  inspection  for  the  trichinosis  roundworm,  which  would 
be  impractical,  but  the  disease  can  be  prevented  by  the  thorough  cook¬ 
ing  of  all  pork  products.  Further  preventive  measures  include  out¬ 
lawing  the  feeding  of  raw  garbage  to  pigs  and  the  elimination  of  rats 
from  pig  farms. 


QUESTIONS 

1.  What  role  do  bacteria  play  in  returning  the  essential  elements  to  general  circulation? 

2.  What,  in  particular,  do  the  “nitrate”  bacteria  do? 

3.  What  are  aerobic  bacteria? 

4.  What  is  fermentation?  How  does  it  differ  from  putrefaction? 

5.  Differentiate  between  rickettsias  and  viruses.  What  are  bacteriophages? 

6.  In  what  ways  are  fungi  and  bacteria  alike?  How  do  they  differ? 

7.  What  are  antibodies?  How  do  they  combat  disease? 

8.  What  are  the  three  types  of  disease?  What  is  the  cause  of  each? 

9.  What  are  the  three  factors  which  enable  micro-organisms  to  operate  well  as  parasites? 

10.  Differentiate  between  exotoxins  and  endotoxins;  antigens  and  antibodies;  vaccines  and 

serums.  .  . 

11.  How  does  the  body  defend  itself  against  the  invasion  of  disease  organisms.-' 

12.  Explain  how  serums  are  prepared. 

13.  What  is  the  physiological  explanation  of  allergies? 
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CHAPTER  23 


THE  PHYSICAL  BASIS  OF  HEREDITY 

IN  A  SENSE,  the  study  of  heredity  is  one  of  the  oldest  divisions  of  bi¬ 
ology,  since  it  was  recognized  at  an  early  time  that  “like  begets  like” 
and  that  new  types  of  animals  and  plants  may  result  when  unlike  forms 
are  crossed.  From  prehistoric  times,  men  have  tried  to  breed  better 
horses,  dogs,  cattle,  vegetables  and  fruits.  In  another  sense,  the  study  of 
heredity  is  the  newest  biological  science,  for  as  late  as  1900  the  scientific 
basis  of  inheritance  was  largely  unknown. 

New  organisms  closely  resemble  their  parents:  the  offspring  of  a  bean 
plant  are  always  beans  and  nothing  else;  the  mating  of  two  cats  always 
produces  cats  and  no  other  animal.  Furthermore,  the  mating  of  two 
Siamese  cats  always  produces  Siamese  cats  and  not  a  different  variety. 
Particular  characters  are  frequently  passed  through  a  long  series  of 
generations  in  man  as  well  as  in  other  animals.  This  resemblance  of 
individuals  to  their  progenitors  is  called  heredity. 

1  he  fact  of  heredity  is  so  familiar  that  its  significance  is  frequently 
overlooked.  1  he  sperm  cells  and  the  parts  of  eggs  effective  in  inheri¬ 
tance,  the  nuclei,  are  both  exceedingly  small.  All  the  sperm  which  gave 
rise  to  the  present  human  population  of  the  world  could  be  contained  in 
a  single  drop  of  water,  and  another  drop  could  hold  all  the  egg  nuclei 
necessary.  The  living  substance  of  the  sperm  and  egg  nuclei  transmit 
all  the  characters  which  the  new  individual  inherits  from  his  parents. 
The  qualities  themselves — color,  size,  shape,  and  so  forth — are  not  pres- 
ent  in  the  germ  cells,  but  something  representing  them  and  capable  of 
producing  them  in  the  new  individual  is  present.  In  man,  the  color  of 
hair,  eyes  and  skin,  the  size  and  shape  of  the  body  and  its  parts,  certain 
structural  defects,  resistance  to  various  diseases,  certain  mental  traits, 
capacities  and  defects  are  all  inherited  and  therefore  must  be  repre- 
sented  in  the  gametes.  The  latter,  then,  contain  factors  which  interact 
with  each  other  and  with  the  environment  to  produce  the  adult  char¬ 
acteristics.  These  hereditary  factors  are  among  the  most  remarkable 
things  in  existence. 

Altlurngt,  resemblances  between  parents  and  offspring  are  close,  thev 
■  c  sua  y  not  exact.  The  offspring  of  a  particular  set  of  parents  di^er 

fcrhTh  i:  H,  r°m  lh,eir  ParentS  in  "»!>«*.  and  to 
egrces.  1  his  is  clearly  evident  among  human  beings;  in  other  animals 

studirZidlv’ 1bri1„VSthn0t  r  Wayf  immediatel.v  obvious,  but  detaTed 

ually  bring  the  dissimilarities  to  light  These  diflW>nr»o 
ermed  variations  are  characteristic  of  living  fhings  It  is  often  saTd 

are  inherited"  that  is  sod '1^'%' tJ6  th'ng  in.nature'  Some  variations 
among  the  offspring-  others  are  not  ’C,s' '^egat'on  ot  hereditary  factors 
or  temperature! 
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ment  on  the  development  of  the  organism.  Most  characteristics  are 
strongly  influenced  by  the  environment  in  which  the  individual  develops. 

The  branch  of  biology  concerned  with  the  phenomena  of  heredity 
and  variation  and  the  study  of  the  laws  governing  similarities  and  dif¬ 
ferences  between  individuals  related  by  descent,  is  called  genetics.  Since 
its  inception  at  the  beginning  of  this  century,  the  science  has  advanced 
rapidly  and  is  still  developing. 

Although  rather  hit-or-miss  efforts  at  breeding  domesticated  animals 
and  plants  had  been  carried  on  for  centuries,  and  breeding  procedures, 
such  as  the  artificial  pollination  of  the  date  palm,  were  performed  in 
Egypt  and  Mesopotamia  centuries  before  the  Christian  era,  scientific 
understanding  of  the  processes  of  heredity  and  variation  had  to  wait 
until  knowledge  of  the  details  of  sexual  reproduction  existed.  Only  after 
the  invention  of  the  microscope  and  the  recognition  of  spermatozoa  by 
early  microscopists,  the  demonstration  early  in  the  eighteenth  century 
that  spermatozoa  initiate  development,  and  the  demonstration  in  the 
latter  half  of  the  nineteenth  century  that  eggs  and  sperm  are  single 
cells  whose  nuclei  fuse  in  fertilization,  could  the  science  of  genetics  arise. 

Throughout  the  eighteenth  and  nineteenth  centuries  many  investiga¬ 
tors  tried  to  discover  how  characters  are  transmitted  from  generation 
to  generation.  From  about  1760  to  1770,  the  German  botanist  Kolreuter 
experimented  with  crossing  two  species  of  tobacco  bv  placing  pollen  fiom 
one  species  on  the  stigmas  of  the  other.  The  resulting  hybrids  had  char¬ 
acters  intermediate  between  those  of  the  two  parents.  This  indicated 
that  parental  characters  are  transmitted  through  both  pollen  and  ovule. 
Kolreuter  and  the  plant  hybridizers  who  followed  him  failed  to  discover 
the  nature  of  the  hereditary  mechanism  partly  because  the  cytological 
basis  of  heredity  was  unknown  and  partly  because  they  tried  to  study 
the  inheritance  of  all  the  characters  of  the  plants  involved,  at  once. 

Gregor  Mendel,  an  Austrian  abbot  who  performed  experiments  in 
the  garden  of  his  monastery  at  Brunn,  Austria,  succeeded  where  previous 
hybridizers  failed  because  he  studied  the  inheritance  of  single  contrasting 
characters  (such  as  green  versus  yellow  seed  color  wu-mkled  versus 
smooth  seed  coat  in  peas) ,  counted  the  number  of  each  type. ,  »"d  ken 
accurate  records  of  his  crosses  and  counts.  His  experiments  showed  tl  < 
inheritance  is  subject  to  certain  laws,  and  that  if  the  pedigrees  of  wo 
individuals  are  known,  the  types  of  offspring  prodneed  l>y  mat,ng  the 
can  be  predicted  with  a  high  degree  of  accuracy.  His  results,  P«b.I,s"™ 

swat  si s 

inside  the  cell  which  is  responsible  for  nheri 'te  „  ,he  growth 

division  plus  the  growth 
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of  each  cell  comprising  the  organism.  This  division  of  cells  is  a  regular 
process,  exactly  following  a  certain  plan;  it  is  known  as  mitosis.  Under 
rare,  usually  pathological,  conditions,  a  cell  may  split  irregularly,  with¬ 
out  following  the  exact  plan;  this  is  called  amitosis. 

1.  Chromosome  Structure.  When  a  cell  undergoing  mitosis  has  been 
stained  for  inspection  under  the  microscope,  its  chromosomes  are  visible 
as  dark  bodies.  These  contain  the  factors  controlling  inheritance.  All 
chromosomes  have  a  definite  size  and  shape,  and  particular  ones  can  be 
recognized  by  the  trained  investigator.  Each  one  consists  of  a  central 
thread  called  a  chromonema,  along  which  lies  a  series  of  beadlike  struc¬ 
tures,  the  chromomeres. 

The  chromosomes  are  distinctly  visible  as  just  described,  only  during 
cell  division;  at  other  times  they  appear  as  fine  strands  called  chromatin, 
which  are  also  dark-staining.  Research  has  shown  that  the  chromosomes 
are  present  as  distinct  physiological  and  structural  entities  between 
successive  cell  divisions  even  though  in  most  forms  they  are  not  visible. 

When  the  chromomeres  were  first  seen,  many  biologists  believed  them 
to  be  the  genes,  the  hereditary  factors  which  previous  breeding  experi¬ 
ments  had  shown  to  lie  within  the  chromosome  in  a  linear  order.  More 
recent  research  has  shown,  however,  that  there  is  no  one-to-one  cor¬ 
respondence  between  chromomeres  and  genes;  that  is,  there  is  not  a 
single  gene  for  each  chromomere.  Instead,  some  chromomeres  contain 
several  genes,  and  some  genes  have  been  located  between  chromomeres. 
The  exact  significance  of  these  swellings  along  the  chromonema  is  not 
clear. 


2.  Chromosome  Number.  Each  cell  of  every  organism  of  a  given 
species  contains  a  definite  number  of  chromosomes.  The  number  foreman 
is  forty-eight— thus,  every  cell  in  the  bodv  of  everv  human  being  has 
exactly  forty-eight  chromosomes  (Fig.  108).  Many  other  species  of 
animals  and  plants  also  have  forty-eight;  so  it  is  not  the  number  of 
chromosomes  alone  that  differentiates  the  various  species  of  animals 
but  chiefly  the  nature  of  the  hereditary  factors  in  the  chromosomes  A 
certain  species  of  roundworm  has  only  two  chromosomes  in  each  cell 
and  some  crabs  have  as  many  as  200  in  each  cell.  The  highest  chromo¬ 
some  number  reported  so  far  is  about  1000,  found  in  a  radiolarian  a 
microscopic,  single-celled  marine  animal.  Most  species  have  a  chromo¬ 
some  number  between  ten  and  fifty;  numbers  above  and  below  this 
are  comparatively  rare.  Chromosomes  always  exist  in  pairs-  there  are 

Z21J  ro  °nf  nki"td;  T,UIS-  ,,he  chromosomes  o^man 

phenomenon  U^necesllrT fire  "h*  tlH  a™?”  m"St  be  a  reeu,ar 
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result.  Mitosis,  therefore ,  'is  the  regular  of  a  c7un  S  S 
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of  the  two  daughter  cells  receives  exactly  the  same  number  and  the  same 
kind  of  chromosomes  that  the  jparent  had.  This  involves  what  appears 
and  was  long  believed  to  be  a  longitudinal  splitting  of  each  chromosome 
into  two  halves.  It  is  now  believed  that  new  ones  are  formed,  not  by  the 
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Fig.  198.  Human  chromosomes.  A,  Equatorial  plate  from  a  mesendn  me  cell  (  b 

showing  the  forty-eight  chromosomes^^©  Y  chromoswne^is^indieated^B. 

from  a  mesenchyme  cell  (female) ,  showing  y  8^  the  homologous  pairs.  D,  The 

somes  from  the  prophase  nucleus  ot  a  ma  ,  -  1  show  the  homologous  pairs, 

chromosomes  from  the  prophase  nucleus  (ten ale  lmed  up  o  st  > 

(Evans  and  Swezy:  The  Chromosomes  in  Man,  Memoirs  ot  the  uni 

known  as  au.oca.clysis) .  The  new  chromosome  s  manufacW  ^  ^ 

raw  materials  present  in  the  cell  mm  cop  asm,  ,  .  j-  ckromosomes 
unknown;  it  may  he  before  mitosis  begin..  The  °M«f  »  (o  each 
arc  identical  in  structure  and  f«nct« »  and  at  fir  U,e  so  ^  ^ 
other  that  they  appear  to  be  one.  As  cell  clivis.o 
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chromosomes  contract,  the  line  of  cleavage  between  them  becomes  vis¬ 
ible  and  the  chromosomes  appear  to  split.  In  man,  then,  each  of  the 
forty-eight  chromosomes  synthesizes  an  exact  replica  of  itself,  so  that 
for  a  time  there  are  ninety-six  chromosomes  in  the  cell.  Then  cell  divi¬ 
sion  is  completed,  and  forty-eight  go  to  one,  and  forty-eight  to  the  other 
daughter  cell.  A  complicated  mechanism  is  necessary  to  insure  the  equal 
division  of  the  chromosomes. 


- ^‘tOSiS  in  a  Crell,°f  a  hypothetical  animal  with  a  diploid  number  of  six  (haploid 
i  l  Zi  \°n™  Pa'r  °f  chromosomes  short.  one  pair  long  and  hooked,  and  one  pair  lone 

^ari„a°S  Lato  ^  ,>r,°phaSe:  centriole  llivided  °"d  chromosomes  ap 

P  ing.  3,  Later  prophase:  centrioles  at  poles,  chromosomes  shortened  and  visibly  doubled 

4,  Late  prophase:  nuclear  membrane  dissolved,  spindle  present.  5,  Metaphase:  chromosomes 

ran  gee  on  equator  of  spindle.  6,  Anaphase:  chromosomes  migrating  toward  poles  7  Telo 


Koch  mitosis  is  a  continuous  process,  one  stage  merging  imperceptibly 

il  divTded  t  ilT'  '"I  deSCripUVe  lmri>OSeS’  biologlts  ha^arbb 
arily  divided  it  into  four  stages:  prophase,  metaphase,  anaphase  and 

telophase.  Between  mitoses,  a  cell  is  said  to  be  in  the  resting  stage  (Fig 
Prophase.  In  the  prophase  the  chromatin  threads  begin  to  eonde- 
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and  form  chromosomes,  appearing  as  a  tangled  mass  of  threads  within 
the  nucleus.  At  first  the  chromosomes  are  stretched  maximally  and  the 
individual  chromomeres  are  clearly  visible.  In  favorable  conditions  the 
chromomeres  can  be  seen  to  differ  one  from  another  in  size  and  shape, 
so  that  individual  ones  are  recognizable.  Later,  the  chromosomes  con¬ 
tract  and  the  chromomeres  lie  so  close  together  that  individual  ones 
cannot  be  distinguished.  Even  at  this  early  stage,  each  chromosome  has 
undergone  autocatalysis  and  in  certain  species  its  double  nature  is  ap¬ 
parent. 

The  cell  cytoplasm  contains  a  small,  granular  structure  called  a 
centriole.  At  the  beginning  of  prophase  the  centriole  divides,  and  the 
daughter  centrioles  migrate  to  opposite  sides  of  the  cell.  Between  the 
separating  centrioles  a  spindle  forms,  composed  of  a  number  of  proto¬ 
plasmic  threads  called  spindle  fibers.  These  are  arranged  like  two  cones 
put  together  base  to  base,  so  that  the  spindle  is  narrow  at  the  ends  or 
poles  near  the  centrioles,  and  broad  at  the  center  or  equator.  The  spindle 
fibers  stretch  from  equator  to  pole  and  are  composed  of  a  denser  pro¬ 
toplasm  than  the  surrounding  nucleoplasm.  The  spindle  is  a  definite 
structure;  by  using  a  micromanipulator  it  is  possible  to  introduce  a  fine 
needle  into  a  cell  and  push  the  spindle  around.  While  the  centrioles  have 
been  separating  and  the  spindle  forming,  the  chromosomes  in  the  nucleus 
have  been  contracting,  getting  shorter  and  thicker.  Their  double  nature 
which  may  not  have  been  visible  before,  can  now  be  clearly  seen. 

Metaphase.  When  the  chromosomes  have  contracted  to  their  fullest 
extent,  forming  tiny,  dark-staining,  rodlike  bodies,  the  nuclear  mem¬ 
brane  disappears  (dissolves)  and  the  chromosomes  line  up  across  the 
equatorial  plane  of  the  spindle,  which  has  been  forming  around  them 
(Fig.  199) .  At  this  point  the  prophase  is  complete,  and  the  short  period 
during  which  the  chromosomes  are  in  the  equatorial  plane  constitutes 
the  metaphase.  When  the  division  of  living  human  cells  is  observed 
under  the  microscope,  the  prophase  lasts  from  thirty  to  sixty  minutes 
and  the  metaphase  from  two  to  six  minutes.  The  times  vary  for  dif¬ 
ferent  tissues  and  different  species.  . 

Anaphase.  Now  the  chromosomes  immediately  begin  to  separate,  one 

of  the  separating  members  (daughter  chromosomes)  going  o  eac  po 

The  events  from  the  time  when  the  chromosomes  first  begin  to  move 

apart  until  they  reach  the  poles  constitute  the  anaphase,  a  perio 

three  to  fifteen  minutes.  The  exact  mechanism  causing  the  chromosomes 

to  move  poleward  is  unknown.  The  earliest  suggestion  was  °f  a  P 

exerted  by  the  spindle  fibers.  According  to  another  theory  the  spin 
excited  y  I  guiderails  along  which  the  chromosomes 

,  d"™  ofngt:  th"  pot  The^otive  power!  supplied  by  protop.asn, 

which  gets  between  the  daughter  chromosomes  absorbs  watery 

swells,  thereby  pushing  the  chromosomes  apa  •  randonl  in  all 

spindle  fibers,  the  chromosomes  would  d'authfer  chromosomes  are 
directions.  But  w.th  them  all  of^et  ^dau^hter^  ^ 

fhtrTltatrib“es°thea,!igration  ot  the  chromosomes  to  eleetrostat.c 
rePtfPLc.  When  the  chromosomes  reach  the  poles,  the  telophase 
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begins.  This  is  a  period  roughly  equal  to  the  prophase,  lasting  thirty  to 
sixty  minutes.  The  chromosomes  elongate,  lose  their  dark-staining  ca¬ 
pacity,  and  return  to  the  resting  condition  in  which  only  chromatin 
threads  or  granules  are  visible.  While  this  is  happening,  a  nuclear  mem¬ 
brane  forms  around  each  daughter  nucleus,  and,  simultaneously,  the 
cytoplasm  begins  to  divide.  In  animal  cells  the  division  is  accomplished 
by  a  furrow  encircling  the  surface  of  the  cell  in  the  plane  of  the  equator. 
The  furrow  gradually  deepens  and  separates  the  cytoplasm  into  two 
halves,  the  daughter  cells,  each  of  which  has  a  nucleus.  In  most  kinds 
of  cells  the  entire  process  of  mitosis  consumes  from  one  to  two  hours. 
In  plants,  division  occurs  by  the  formation  of  a  cell  plate,  a  partition  of 
cytoplasm  which  forms  first  in  the  equatorial  region  of  the  spindle  and 
then  grows  laterally  to  the  cell  wall.  The  net  result,  in  any  case,  is  the 
creation  of  two  cells  from  a  previous  one.  Each  daughter  cell  has  exactly 
the  same  number  and  kind  of  chromosomes  that  the  parent  cell  had: 
hence,  through  mitosis,  each  cell  in  the  body  comes  to  have  the  heredi¬ 
tary  material  necessary  for  every  characteristic  of  the  organism.  Mitosis 
occurs  with  widely  different  frequencies  in  various  tissues,  and  in  dif¬ 
ferent  species.  In  the  red  bone  marrow,  for  example,  where  10.000.000 
red  blood  cells  are  produced  per  second,  10,000,000  mitoses  must  occur 
per  second.  In  other  tissues,  such  as  those  of  the  nervous  system,  mitoses 
occur  very  rarely.  During  the  early  development  of  an  organism,  cell  divi¬ 
sions  take  place  extremely  rapidly  and  may  occur  every  thirty  minutes. 

4.  Control  of  Mitosis.  The  factor  which  initiates  mitosis  is  not  known 
exactly,  but  the  ratio  between  the  volume  of  nucleus  and  cytoplasm  (the 
nucleoplasmic  ratio)  is  believed  to  be  involved.  The  increase  in  the  size 
of  the  cell  is  effected  by  the  older  protoplasm  manufacturing  new  pro¬ 
toplasm  from  simpler  raw  materials.  This  involves  the  diffusion  of  sub¬ 
stances  back  and  forth  through  both  nuclear  and  cell  membranes.  Al¬ 
though  the  volume  of  a  sphere  increases  as  the  cube  of  its  radius,  the 
surface  increases  only  as  the  square  of  the  radius,  so  that,  as  the  cell 
grows,  the  volume  increases  more  rapidly  than  the  surface  of  the  nuclear 
membrane.  Beyond  a  certain  point,  then,  the  surface  of  the  nucleus  is 
insufficient  to  allow  the  necessary  exchange  of  materials  between  nucleus 
and  cytoplasm  to  provide  for  future  growth.  A  division  of  the  nucleus 
greatly  increases  the  surface  without  increasing  the  volume,  and  it  is 

believed  that  this  limiting  factor  in  the  nucleoplasmic  ratio  somehow 
initiates  mitosis. 


Some  biologists  have  suggested  that  a  hormone  is  involved  in  starting 
mitosis.  Tndeed  the  mitoses  of  various  cells  in  a  cleaving  egg  occur 
simultaneously  for  a  long  time;  perhaps  a  hormone  is  released  period- 
mally  to  control  them.  Even  in  adult  organisms,  mitosis  in  tissue  cells 
may  occur  in  waves,  suggesting  that  some  inductive  substance  or  hor 
■none,  is  present.  Haberlandt  found  evidence  that  dying  cells  mav  pro' 
duce  a  substance  to  stimulate  cell  division.  Tn  his  Lpeidmen*  he  on,' 
a  potato  m  half  and  examined  the  cut  edges  for  mitosis.  He  found  that 
if  he  cleaned  off  the  cut  edge,  few  mitoses  took  place-  if  he  did  not  clean  off 
the  cut  edge,  cell  divisions  were  more  frequent-  and  if  he  on,  f 
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hormone’  which  stimulated  cell  division  and  the  formation  of  scar  tissue. 
Some  similar  process  may  be  present  in  animals. 

Another  suggestion  as  to  the  cause  of  mitosis  has  been  given  by 
Gurwitsch,  who  believes  that  growing  tissues  give  off  “mitogenetic  rays” 
which  stimulate  cell  division  in  adjacent  tissues.  These  are  supposed  to 
be  weak  ultraviolet  radiations.  It  is  difficult  to  prove  the  reality  of  these 
rays,  and  many  biologists  doubt  their  existence. 

5.  Meiosis.  Constancy  of  the  chromosome  number  in  successive  gen¬ 
erations  is  brought  about  by  the  process  of  meiosis,  which  occurs  during 
the  formation  of  gametes,  either  eggs  or  sperm.  Meiosis  is  essentially 
a  pair  of  cell  divisions  during  which  the  chromosome  number  is  reduced 
to  half,  in  order  that  the  gametes  receive  only  half  as  many  chromo¬ 
somes  as  other  cells  in  the  body;  thus,  when  two  gametes  unite  in  fer¬ 
tilization,  the  normal  chromosome  number  is  reconstituted.  The  reduc¬ 
tion  of  the  chromosome  number  in  meiosis  does  not  occur  at  random, 
but  in  a  regular  way;  in  man,  twenty-four  particular  chromosomes  go 
to  each  pole  and  become  incorporated  in  each  gamete.  Chromosomes, 
you  will  remember,  occur  in  pairs,  and  in  man  there  are  twenty-four 
pairs  in  the  body  cells.  As  a  result  of  meiosis,  each  gamete  contains  one 
and  only  one  of  each  kind  of  chromosome — one  complete  set  of  twenty- 
four  chromosomes.  This  is  accomplished  by  the  pairing  or  synapsis  of 
the  like  chromosomes,  and  a  separation  of  the  members  of  the  pair,  one 
going  to  each  pole.  The  like  chromosomes  which  synapse  during  meiosis 
are  called  homologous  chromosomes.  They  are  identical  in  size  and 
shape,  have  identical  chromomeres  along  their  lengths,  and  contain 
similar  hereditary  factors  or  genes.  A  set  of  one  of  each  kind  of  chromo¬ 
some  is  called  the  haploid  number;  a  set  of  two  of  each  kind  is  called 
the  diploid  number.  For  man,  then,  the  haploid  number  is  twenty-four 
the  diploid,  forty-eight.  Gametes  have  the  haploid  number;  fertilized 
eggs  and  all  the  cells  of  the  body  developing  from  the  zygote  have  the 
diploid  number.  A  fertilized  egg  gets  exactly  half  its  chromosomes  ^n( 
half  its  genes)  from  its  mother,  and  half  from  its  father.  Only  the  last 
two  cell  divisions  which  result  in  mature,  functional  eggs  or  sperm  are 

meiotic;  all  other  cell  divisions  are  mitotic. 

The  process  of  meiosis  consists  of  two  cell  divisions  which  occur  i 
quick  succession,  called,  respectively,  the  first  and  second  mejotxd.- 
visions  (Fig  200) .  Each  of  these  has  the  same  four  stages,  p  P  » 
metaphase,  anaphase  and  telophase,  found  in  mitosis  There  are,  ho  - 
ever  important  differences  between  mitosis  and  meiosis  within  these 
stones  particularly  in  the  prophase  of  the  first  meiotic  division.  In  this, 
the  chromosomes  appear  as  long  thin  threads  condensing  from  chroma- 
,  mitosis  They  begin  to  contract,  getting  shorter  and  thicker. 

EaHy  in  twfp'oph  ^  while  the  chromosomes  are  still  elongated  and 

thin',  the  homologous  chromosomes  sfde'along  their 

longitudinally,  coming  to  lie  close  °£  ’  synapsis  the  chrom- 

entire  length  and  twisted  around  each  other  After  ^  visible 

STS  ^Cor"wo  threads,  as  tag*  ££££ 

s  “JbKSK  KESSSSr  3.’ .  ~ 
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lion  of  the  original  chromosome.  At  the  end  of  the  prophase  then  the 
chromosomes  have  synapsed  and  doubled,  yielding  a  bundle  of  four 
homologous  chromosomes  called  a  tetrad.  Since  each  pair  of  chromo- 


/3 


Fig.  200.  Meiosis  in  a  hypothetical  animal  with  a  diploid  chromosome  number  of  six.  It 
as  three  pairs  of  chromosomes,  of  which  one  is  short,  one  is  long  with  a  hook  at  the  end  and 

to'apnr  rdSkn°bbed-  i  EarlyPr0P^le  °f  the  first  ^eiotic  division:  chromoso ZQt 
to  appear  g.  Synapsis:  the  pairing  of  the  homologous  chromosomes.  3,  Doubling  of  the 

theT ^  TT"*8  t0  f°rm  gr°UpS  °f  f°Ur  identical  chromosomes,  tetratls.  4,  Metaphase  of 

le  first  memtic  division,  with  the  tetrads  lined  up  at  the  equator  of  the  spindle  5  Anaphase 

somes  gives  rise  to  a  bundle  of  four,  there  are  as  many  tetrads  as  the 
haploid  number  of  chromosomes.  In  human  cells  there  are  twenty  four 
tetrads  and  a  total  of  ninety-six  chromosomes  at  t hi  stage  ^ 

While  these  events  are  taking  place,  others  progress  asTthe  mitotic 
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prophase:  the  centriole  divides  and  the  two  centrioles  go  to  opposite 
poles,  the  spindle  forms  between  the  centrioles,  and  linally  the  nuclear 
membrane  dissolves.  The  tetrads  then  line  up  around  the  equator  of 
the  spindle,  as  the  individual  chromosomes  do  in  mitosis,  and  the  cell 
is  said  to  be  in  metaphase.  The  homologous  chromosomes  now  separate 
horn  each  other  and  move  to  the  poles.  The  doubled  chromosomes  do 
not  sepai  ate,  only  the  homologous  ones  which  underwent  synapsis  do. 
Thus  the  chromosomes  moving  to  the  poles  in  the  anaphase  of  the  first 
meiotic  division  are  double,  and  in  the  telophase  of  the  first  meiotic  di¬ 
vision  in  man  there  are  twenty-four  double  chromosomes  at  each  pole.  The 
division  of  the  cytoplasm  follows,  but  in  most  animals  and  plants  there 
is  no  resting  stage  between  the  two  meiotic  divisions.  The  chromosomes 
do  not  dissolve  and  form  chromatin  threads;  instead,  a  new  spindle 
forms  in  each  cell  (at  right  angles  to  the  spindle  of  the  first  division) , 
and  the  haploid  number  of  double  chromosomes  line  up  on  the  equator 
of  this  spindle.  Because  of  this,  the  telophase  of  the  first  meiotic  division 
and  the  prophase  of  the  second  meiotic  division  are  rather  short.  Of 
course,  the  lining  up  of  the  double  chromosomes  on  the  equator  of  the 
spindles  constitutes  the  metaphase  of  the  second  meiotic  division.  It  is 
possible  to  differentiate  the  metaphases  of  the  first  and  second  meiotic 
divisions  when  seen  under  the  microscope,  because  in  the  first  meiotic 
division  the  chromosomes  are  arranged  on  the  equator  in  bundles  of 
four  (the  tetrads) ,  and  in  the  second  meiotic  division  in  bundles  of  two. 
The  two  chromosomes  now  simply  separate,  moving  to  opposite  poles 
without  the  occurrence  of  splitting  or  autocatalytic  doubling,  so  that 
in  the  anaphase  of  the  second  meiotic  division  twenty-four  single  chrom¬ 
osomes  (one  of  each  kind)  arrive  at  each  pole.  In  the  telophase  that 
follows,  the  cytoplasm  divides,  the  chromosomes  gradually  change  back 
into  chromatin,  and  a  nuclear  membrane  forms.  From  these  two  succes¬ 
sive  divisions,  four  cells  emerge,  each  with  the  haploid  number  of 
chromosomes,  each  with  one  and  only  one  of  each  kind  of  chromosome. 
These  are  now  mature  gametes,  and  do  not  undergo  any  further  mitotic 


or  meiotic  divisions. 

Fundamentally,  the  same  process  occurs  in  the  meiotic  divisions  in 
the  testis  resulting  in  sperm,  as  in  the  meiotic  divisions  in  the  ovary 
resulting  in  eggs,  but  there  are  some  differences  in  detail  which  we  shall 

discuss  separately.  .  . 

Spermatogenesis.  The  testis  is  made  up  of  thousands  of  cylindrical 

sperm  tubules,  in  each  of  which  millions  of  sperm  develop.  The  walls 
of  these  tubules  are  lined  with  primitive,  unspecialized  germ  cells  called 
spermatogonia.  Throughout  embryonic  development  and  during  child¬ 
hood,  the  spermatogonia  divide  mitotically,  giving  rise  to  additiona 
spermatogonia  to  provide  for  the  growth  of  the  testis.  After  sexua 
maturity,  some  of  the  spermatogonia  begin  to  undergo  spermatogenesis, 
the  series  of  changes  which  results  in  mature  sperm.  Other  spermato- 
gonia  continue  to  divide  mitotically  and  produce  more 
for  later  spermatogenesis.  In  most  wild  animals  there  is  a  definite  breed 
S  season  either  in  spring  or  fall,  during  which  the  test.s  mcreases  n 
size  and  spermatogenesis  occurs.  Between  breeding  seasons  the  test  s 
is  small  and  contains  only  spermatogonia.  In  man  and  most  domesti 
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animals,  spermatogenesis  occurs  throughout  the  year  once  sexual  ma¬ 
turity  is  reached. 

Spermatogenesis  begins  with  the  growth  of  the  spermatogonia  into 
larger  cells  known  as  primary  spermatocytes  (Fig.  201)  .  These  are  now 
ready  for  the  first  meiotic  division,  which  results  in  two  equal-sized  cells, 
the  secondary  spermatocytes.  They  in  turn  undergo  division  by  the 
second  meiotic  division  to  form  four  equal-sized  spermatids.  The  sperm¬ 
atid,  a  spherical  cell  with  a  good  deal  of  cytoplasm,  is  a  mature  gamete 
because  it  has  the  haploid  number  of  chromosomes,  but,  to  be  a  func- 
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Fig.  201.  Comparison  of  the  formation  of  sperm  and  eggs. 

tional  sperm,  it  must  be  streamlined  for  swimming  to  meet  the 

cell  division)5  ThOnudeus^h^k6 ^  °f  •gr0Wtl'  and  chan«e  (though  not 
sperm  (fig  go*)  while  O  V'T  “nd  beC°mes  the  head  °f  the 
of  the  Golgi  rd  ;s  frl  the  evTmi  m°S‘  °f  ^  Some 

the  sperm  and  form  a  point  whihl  Tf ' at. the  front  <«d  of 
egg  cell  membrane  Part  of  the  "V''  i'"'  tb,e  sperm  >n  puncturing  the 
which  can  beat  to  d  iv  th  perm  aT  Tmu™3  "  '°ng’  flexible  tai' 
the  point  where  head  and  tail  m  T  "  mitochondria  move  to 

is  believed  to  enable  the  tail  to  beat1"1'  ^  *  Smal*  middle  piece'>  this 

The  spermatozoa  of  various  animal  species  may  be  quite  different. 
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Nearly  all  sperm  have  a  tail,  but  there  are  great  variations  in  its  size 
and  shape,  as  well  as  in  the  characteristics  of  the  head  and  middle  piece 
(Fig.  203) .  A  few  animals,  such  as  the  parasitic  roundworm  Ascaris, 
have  sperm  without  a  tail,  which  move  by  ameboid  movement  instead. 
Crabs  and  lobsters  have  a  curious,  tailless  sperm  with  three  pointed  pro- 
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jections  on  the  head  S-W 

pushes  The  "nucleus 'ot  °t he  sperm  into  the  egg  cytoplasm,  thus  accom- 

ture  sex  cells  called  oogoma.  |ivisiongs  just  as  the  spermatogonia 

dod17th™“ immature lllT  have  the  diploid  number,  of  course.  At  t  e 
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time  of  puberty,  in  each  menstrual  month  one  or  more  oogonia  stop 
dividing  and  enter  upon  a  long  growth  process,  eventually  to  become 
large  cells  called  primary  oocytes  (Fig.  201)  .  This  growth  process  lasts 
much  longer  in  oogenesis  than  in  spermatogenesis,  and  the  primary 
oocyte  is  correspondingly  much  bigger  than  the  primary  spermatocyte. 
During  the  process,  yolk  is  formed  which  serves  as  stored  food  for  devel¬ 
opment  in  case  the  egg  is  fertilized.  At  this  time  many  of  the  “morpho¬ 
genetic  substances”  arise  which  subsequently  regulate  development  in 
the  fertilized  egg.  At  the  end  of  the  growth  process  the  primary  oocyte 
undergoes  its  first  meiotic  division.  The  events  occurring  in  the  nucleus 
— synapsis,  the  formation  of  tetrads,  and  the  separation  of  the  homolo¬ 
gous  chromosomes — are  the  same  as  in  spermatogenesis,  but  the  division 
of  the  cytoplasm  is  unequal,  resulting  in  one  large  cell,  the  secondary 


Fig.  203  Spermatozoa  from  different  species  of  vertebrates,  illustrating  the  differences  in 

drawn*1  to  *  he^sanfe  ^  D-  E’  *'>  -lamander.  All  « 

drawn  to  the  same  scale.  (Turner,  C.  D.:  General  Endocrinology.) 

mmT;  .H  hti.d'  ritain,S  the  y0lk  and  nearly  aI1  the  cytoplasm,  and  one 
'noth  „ ■’  ,  R  p  °,cv,e'  or  P°lar  body.  wllicl>  consists  of  practically 

wafunderUslna  H  7™  "amed  a  P°lar  body  before  its  significance 

of  the  ere  ^  beCaUSe  appeared  as  a  sma"  sPcck  at  the  animal  pole 

In  the  second  meiotic  division,  the  secondary  oocyte  again  divides 
inequally  into  a  large  ootid  and  a  small  second  polocyte,  both  of  which 

....  ,,.h:  Bsif  srxfitaMr mv 

formed  front  each  primary  !°  the  tour 

essary  to  enable  the  maturing  egg  to  g”t  rid  of ’it?  ^  i  *  neC' 
The  unequal  cytoplasmic  divfsion  is  necessa ry to  insurTtl  * 1“ rtT°Somes- 

z  yoik  to 

neatly  solved  the  problem  of  reducing  without 
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losing  the  cytoplasm  and  yolk  needed  for  development  after  fertilization. 

The  union  of  a  haploid  set  of  chromosomes  from  the  sperm  with  an¬ 
other  haploid  set  from  the  egg  which  occurs  in  fertilization,  reestablishes 
the  diploid  chromosome  number  so  that  the  fertilized  egg  or  zygote, 
and — by  mitosis — all  the  body  cells  which  develop  from  it,  have  the 
diploid  number  of  chromosomes.  Each  individual  gets  exactly  half  of  his 
chromosomes  and  half  of  his  genes  from  his  mother  and  half  from  his 
father.  Even  though  an  organism  may  resemble  one  parent  more  than 
the  other,  both  parents  have  contributed  equally  to  his  inheritance. 
How  this  can  be  true  will  be  clear  when  we  consider  some  of  the  char¬ 
acteristics  of  genes. 

6.  The  Genes.  The  laws  of  heredity  are  based  on  the  facts  of  meiosis 
and  fertilization.  Within  each  chromosome  are  numerous  hereditary 


factors,  each  of  which  differs  in  some  way  from  all  the  others.  These  heredi¬ 
tary  units  are  called  genes,  and  each  one  controls  the  inheritance  of  one 
or  more  characteristics.  Since  the  chromosomes  exist  in  pairs  in  the  body 
cells,  each  body  cell  contains  two  of  each  kind  of  gene.  As  the  chromo¬ 
somes  separate  in  meiosis  and  recombine  in  fertilization,  so,  of  course, 
the  paired  genes  must  separate  and  recombine.  We  now  know  that  each 
chromosome  is  composed  of  a  linear  string  of  genes,  and  that  the  mem¬ 
bers  of  a  homologous  pair  of  chromosomes  have  genes  arranged  m  sim¬ 
ilar  order.  Thus,  if  a  chromosome  has  a  gene  for  eye  color  two  thirds 
of  the  distance  from  a  given  end,  its  homologous  chromosome  also  will 
have  a  gene  for  eye  color  two  thirds  of  the  distance  from  that  end.  Genes 
for  particular  traits  occur  at  definite  points,  called  loci  (singular,  locus ) , 

along  the  chromosome.  .  .  ,  .  , 

7  Alleles.  The  mode  of  inheritance  of  any  given  trait  can  be  studied 

only  when  there  are  two  contrasting  conditions,  such  as  black  coat  versus 

brown  coat  in  guinea  pigs,  or  brown  eyes  versus  blue  eyes  in  man.  Such 

contrasting  conditions  are  called  allelomorphs  or  alleles  Alleles  are 

defined  as  two  contrasting  traits,  inherited  in  such  a  way  that  an  in  - 

vidual  may  have  one  but  not  both  of  them.  It  follows  that  curly  and 

straight  hair  are  alleles,  a  person  having  either  one  or  the  other.  B 

curlv  hair  and  blonde  hair  are  not  alleles,  because  a  person  may  have 

hai/that  is  both  blonde  and  curly.  At  the  specific  locus  in  the  particular 

ch  omosome  controlling  coat  color  in  guinea  pigs  there  may  be  a  gene 
chromosome  com  *  for  black  coat  color,  but  not  both.  Since 

ther/are^wo  homologous  chromosomes  in  body  cells  and  therefore  two 

of  each  kind  of  gene,  a  “pure”  black f*ui.,,“  ™ in^hThromo- 

°f  r S:  pig  has  two  ^es  for  brown  coat, 
some— and  a  pure  crow  g  i  themselves  have  „o  color,  are 

~k’" 
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8.  A  Monohybrid  Cross.  If  we  mate  a  “pure”  brown,  male  guinea  pig 
with  a  “pure”  black,  female  guinea  pig,  the  following  events  occur  (Fig. 
204) :  during  meiosis  in  the  male  the  two  bb  genes  separate  so  that  each 
sperm  formed  has  only  one  b  gene,  and  in  meiosis  in  the  female  the  BB 
genes  separate  so  that  each  ovum  has  only  one  B  gene.  Therefore,  the 
fertilization  of  this  egg  by  a  b  sperm  results  in  an  animal  with  the 
genetic  formula,  Bb.  Since  this  guinea  pig  contains  both  a  gene  for  brown 
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coat  and  one  for  black  coat,  you  might  exnent  it  l  , 

,"«*  •• *  wTiS 1 

even  when  a  brown  gene  isTesent"^^  ,>r°dUCeS  “  b'aCk  b°dy  Color 
sive  to  the  black  one  We  mnv Tfi  °Wn  ge"e  15  Said  to  be 

will  produce  their  effect  only  when  a  S™es  thcn'  as  ones  which 

are  identical,  and  dominant  “  '"dlvidua!  two  of  them  which 
effects  even  when  only  one  of  them  is  °SC  Tk,cb  Wl11  Pr°duce  their 
dominant  gene  is  given  a  capita,  ^ 
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responding  lower-case  letter.)  We  can  now  see  part  of  the  answer  to 
the  apparent  contradiction  that,  although  both  parents  contribute 
equally  to  its  inheritance,  the  offspring  may  resemble  one  of  them  more 
than  the  other.  In  one  species,  black  may  be  dominant  to  brown,  while 
in  another  species  brown  may  be  dominant  to  black;  the  particular  con¬ 
dition  which  obtains  in  any  given  form  must  be  determined  by  experi¬ 
ment. 

When  an  animal  or  plant  has  two  genes  exactly  alike,  two  blacks  (BB) 
or  two  browns  (bb),  it  is  said  to  be  homozygous  or  “pure”  for  the 
character;  when  it  has  one  dominant  and  one  recessive  gene  (Bb) ,  it  is 
said  to  be  heterozygous  or  hybrid.  In  the  cross  we  have  been  consider¬ 
ing,  both  the  brown  and  black  parents  were  homozygous  for  their 
respective  conditions  (BB  or  bb),  and  the  offspring  was  heterozygous 
(Bb) .  Using  these  terms,  we  can  now  formulate  better  definitions  for 
dominant  and  recessive:  a  recessive  gene  is  one  which  will  produce  its 
effect  only  when  homozygous;  a  dominant  gene  is  one  which  will  produce 
its  effect  whether  it  is  homozygous  or  heterozygous. 

If  two  of  the  heterozygous  black  guinea  pigs  from  the  aforementioned 
cross  are  mated,  the  following  events  occur:  in  meiosis,  the  chromosome 
containing  the  B  gene  first  synapses  with  and  then  separates  from  the 
chromosome  containing  the  b  gene,  so  that  each  sperm  or  egg  has  either 
a  B  gene  or  a  b  gene,  but  never  both.  Sperm  and  eggs  containing 
genes  and  those  with  b  genes  are  formed  in  equal  numbers  Since  there 
are  two  types  of  eggs  and  two  types  of  sperm,  four  combinations 
fertilization  are  possible,  and  these  occur  in  equal  numbers.  There  is 
neither  any  special  attraction  nor  repulsion  between  an  egg  and  sper 
containing  the  same  genes:  a  B  egg  is  just  as  likely  to  be  fertilized  by 

*  To^at  1  glance  tHTossible  zygote  combinations,  a  “checkerboard” 
is  made  up,  inwhich  the  possible  types  of  eggs  are  represented  along  the 

the'st^^res^re  fillciTIn.^howIng^tlm  possible^yg^e^mnbinations^(Fig^ 

characteristic  of  the  second  generation  offspring  o^  a  c  ^  ^ 

viduals  which  differ  in  a  single  trait  govern i  y  8  P  Ued 

The  generation  with  are  called 

the  p„  or  parental  generabon.  Offspring  o,  £  individuals 

the  F„  or  firs,  final  ^  generation  (grandchildren); 

those' from  "mating  of  two  F,  individuals  make  up  the  F,  generation, 

ar  9.  Phenotype  and  Genotype.  Th ts’ph'e n otyp e  'while 'th e  organism’s 
spect  to  a  certain  trait  is  known  as ills .^  ^notypic  ratio  of  the  cross 

genetic  constitution  is  called  isge^yp  ^  fte  genotypic  ratio  is 

we  have  been  discussing  .e  defined  as  the  external  appear 

1  BB:  2  Bb:  1  bb.  The  phenotype  ^'"black.  brown,  and  so  on 
ance  of  a  given  trait  e*P^es^d  ,  ^netic  constitution  of  an  individua 
IxpXdTs^  such  as  BB,  Bb  or  bb.  Guinea  pigs  which  are 
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and  Bb  are  alike  phenotypically,  that  is,  both  appear  black,  but  they 
differ  genotypically.  The  genotypes  could  be  determined  only  by  breed¬ 
ing  tests.  It  is  also  possible  for  organisms  to  have  like  genotypes  but 
different  phenotypes. 

It  is  important  to  realize  that  all  genetic  ratios  are  probability  ratios. 
This  means  that  if  two  heterozygous  black  guinea  pigs  are  bred  and  pro¬ 
duce  exactly  four  offspring,  although  it  is  probable  that  three  will  be 
black  and  one  brown,  all  might  be  black,  or  all  might  be  brown,  though 
the  latter  possibility  would  rarely  occur.  Or,  the  combinations  of  3 
blacks:  1  brown;  2  blacks:  2  brown;  or  1  black:  3  brown  also  might 
occur.  If  100  such  matings  were  made,  however,  approximately  300  of 
the  offspring  would  be  black  and  100  would  be  brown.  The  ratio  of 
black  to  brown  approaches  more  and  more  closely  to  an  exact  3:1  as 
larger  numbers  of  offspring  are  produced.  This  probability  ratio  can  be 
stated  another  way:  in  mating  two  heterozygous  individuals,  (Bb), 
there  are  three  chances  out  of  four  that  any  particular  offspring  will 
show  the  dominant  character,  and  one  chance  out  of  four  that  it  will 
show  the  recessive  character. 

In  man,  eye  color  is  inherited  by  a  pair  of  genes,  brown  eye  color  (B) 
being  dominant  to  blue  (b).  If  two  heterozygous,  brown-eyed  people 
mate,  there  are  three  chances  out  of  four  that  their  child  will  have 
brown  eyes,  and  one  chance  out  of  four  that  it  will  have  blue  eyes. 
Each  mating  is  a  separate,  independent  event,  not  affected  by  the 
results  of  previous  matings.  1  hus,  if  these  two  heterozygous,  brown- 
eyed  parents  have  three  brown-eyed  children  and  are  expecting  a  fourth 
child,  the  fourth  one,  too,  has  three  chances  out  of  four  of  being  brown- 
eyed,  and  only  one  chance  out  of  four  of  having  blue  eyes. 

10;  Mendel  s  first  Law.  Ihe  mating  of  black  and  brown  guinea  pigs 
previously  described  illustrates  Mendel’s  First  Law,  sometimes  called 
the  Law  of  the  Purity  of  Gametes”  or  the  Law  of  Segregation.  This 
may  be  stated  as  follows:  genes  exist  in  individuals  in  pairs,  and  in  the 
formation  of  the  gametes,  each  gene  separates  or  segregates  from  the 
other  member  of  the  pair  and  passes  into  a  different  gamete,  with  the 
resu  t  that  each  gamete  has  one  and  only  one  of  each  kind  of  gene 
In  the  guinea  pig  problem,  the  brown  gene  is  unaffected  by  the  black 
gene  when  it  exists  in  the  heterozygous  black  guinea  pig  with  it  but  it 

segregates  from  the  black  gene,  passes  into  the  next  generation  and 
may  produce  a  brown  guinea  pig.  ’ 

11.  Test  Crosses.  In  the  F2  of 'the  black-brown  guinea  pier  matinff 
we  found  a  ratio  of  three  black:  1  brown  guinea  pig.  Although  tS 
dack  guinea  pigs  are  alike  phenotypically,  they  differ  genotypically  One 

hud  of  them  are  homozygous  black  (BB)  •  the  other  two  third 
heterozygous  black  (Bb).  These  can  bo  difl\  r  *  \  \  thirds  are 

test,  the  “test  cross”  or  “back  cross  ”  To  T  P  f cntl*ted  a  breeding 
guinea  pig  is  bred  with  •  h  ™  J  perf°.rm  the  test>  each  black 

205).  If  all  the  offspring  are  bkek  Y?he  n  (br°Wn)  °ne  (Fig’ 

STitf  *  ZSZXZi  !7=: 
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strain  which  will  “breed  pure”  for  a  certain  character.  Formerly,  farmers 
and  stock  breeders  could  pick  only  what  appeared  to  be  the  best  animals 
for  breeding  stock,  or  what  seemed  to  be  the  best  plants  in  a  field,  to 
bear  the  seed  for  the  next  year’s  crop.  This  selection  by  phenotype  alone 
was  not  very  successful  because  it  was  not  based  on  knowledge  of  which 
animals  and  plants  were  homozygous  and  which  heterozygous.  As  a  re¬ 
sult,  the  heterozygous  individuals  continued  to  bear  some  offspring  with 
the  less  desirable  qualities. 

The  more  modern  method  of  breeding,  progeny  selection,  is  one  by 
which  a  breeder,  in  effect,  tests  the  genotypes  of  his  breeding  stock  by 
making  matings  and  observing  the  offspring.  If  these  are  superior  in 


Brown 


,lf  of  the  offspring  are  black,  and  half  brown. 


.  tr>  thp  desirable  trait  the  parents  are  thereafter  used  regularly 
fo/b  eLg  Tw  but  may’  both'  look  healthy  and  vigorous  yet  one 

will  have  daughters  with  superior  milk.  ^"yTor  breed  n" oil 
not.  By  observing  the  progeny,  and  usmg  regularly  for  toe 

those  animals  that  produce  superior  P  f  •  method  of  progeny 
of  a  strain  of  animals  can  be  increased  rapidly.  The  metho  ■  PJ^ 

thm  of  a  fliock^f  hens  froml  1 4  to  200  eggs,  in  eight  years.  Of  course, 

for  successful  progeny  selection  careMped^greesJus^^  JP^  ^ 

12.  Incomplete  Dorn, nance.^In^  P  intermediate  between 

pletely  dominant  to  the  >  ,  incomplete  dominance,  is  m 

^r7^aTto  tt  complete  dominance  of  black  over  brown  in  the 
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guinea  pig  cross.  In  sweet  peas,  for  instance,  the  offspring  of  a  cross  of 
a  red-flowered  plant  with  a  white-flowered  plant  all  have  pink  flowers. 
When  two  pink-flowered  plants  are  crossed,  the  offspring  are  one  fourth 
red,  one  half  pink,  and  one  fourth  white.  In  such  crosses  the  phenotypic 
and  genotypic  ratios  are  identical.  In  cattle  and  horses,  red  coat  color 
is  incompletely  dominant  to  white,  the  heterozygote  being  roan. 

13.  Deducing  Genotypes.  Another  type  of  problem  which  a  knowl¬ 
edge  of  genetics  enables  us  to  solve  is  that  of  deducing  the  genotypes  of 
parents  (and  from  that  the  probable  character  of  additional  offspring) 
from  the  results  of  a  particular  cross.  In  chickens,  for  example,  the  gene 


for  rose  comb  (R)  is  dominant  to  the  gene  for  single  comb  (r) .  Suppose 
that  a  cock  is  mated  to  three  different  hens  (Fig.  206)  :  the  cock  and 
hens  A  and  C  have  rose  combs;  hen  B  has  a  single  comb.  Breeding  the 
cock  with  hen  A  produces  a  rose-combed  chick;  with  hen  B,  a  single- 
combed  chick;  and  with  hen  C,  a  single-combed  chick:  What  offspring 
can  be  expected  from  further  matings  of  the  cock  with  these  hens?  ?  § 

bmce  the  single-combed  condition  is  recessive,  all  the  hens  and  chicks 
p  enotypmafly  single-combed  must  be  homozygous.  We  can  deduce 
hen  that  hen  B  and  the  offspring  of  hens  B  and  C  are  genotypically 
rr  AH  those  phenotypically  rose-combed  have  at  least  one  R  gene  and 
e  cock  and  hens  A  and  C,  are  therefore  R?.  The  fact  that  the  off 
spnng  of  the  cock  and  hen  B  was  single-combed  provtftiat  the  cock 
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is  heterozygous.  The  single-combed  chick  received  one  r  gene  from  its 
mother,  but  must  have  received  the  other  from  its  father.  The  fact  that 
the  offspring  of  the  cock  and  hen  C  had  a  single  comb  proves  that  hen 
C  also  was  heterozygous.  We  now  know  the  genotypes  of  all  the  indi¬ 
viduals  concerned  except  hen  A,  and  it  is  impossible  to  decide  from  the 
data  given  whether  she  is  homozygous  or  heterozygous.  Further  breed¬ 
ing  would  be  necessary  to  determine  this.  Additional  matings  of  the 
cock  with  hen  B  would  result  in  one  half  rose-combed:  one  half-single- 
combed  individuals;  additional  mating  with  hen  C  would  produce  three 
fourths  rose-combed:  one  fourth  single-combed  chicks. 

The  science  of  genetics  resembles  mathematics  in  that  it  consists  of 
a  few  basic  principles  which,  once  grasped,  enable  the  student  to  solve 
a  wide  variety  of  problems.  Let  us  summarize  the  fundamental  concepts. 
Inheritance  is  biparental:  both  parents  contribute  to  the  genetic  consti¬ 
tution  of  the  offspring.  Genes  are  not  altered  by  existing  together  in  a 
heterozygote.  Genes  must  be  single  in  a  gamete;  either  one  or  the  other, 
but  never  both  of  a  pair  of  genes  is  present.  The  gametes  mate  at  ran¬ 
dom,  irrespective  of  the  genes  they  contain,  and  a  sperm  containing  a 
B  gene  is  equally  likely  to  fertilize  a  B  or  a  b  egg;  there  is  no  specific 
attraction  or  repulsion  between  a  B-containing  egg  and  a  B-containing 
sperm. 

In  working  genetics  problems,  it  is  well  to  follow  the  procedure  given 
here,  in  order  to  avoid  errors: 


1.  Write  down  the  symbols  you  are  using  for  each  gene. 

2.  Determine  the  genotypes  of  the  parents,  deducing  them  from  the 
phenotypes  of  the  offspring,  if  necessary. 

3  Derive  all  possible  kinds  of  gametes  from  these  genotypes. 

4  Set  up  a  “checkerboard,”  putting  all  the  possible  types  of  sperm 
along  the  side  and  all  the  possible  kinds  of  eggs  along  the  top. 

5.  Fill  in  the  checkerboard  and  read  off  the  genotypic  and  phenotypic 

ratios  among  the  offspring. 


QUESTIONS 

1.  What  is  the  difference  between  heredity  and  genetics? 

2  What  are  the  two  main  causes  of  variations  in  living  things. 

3.  What  is  accomplished  by  mitosis?  By  meiosis? 

X  What  is  a  chromosome?  Describe  its  structure.  .  ,  . 

5.  In  a  human  cell  undergoing  mitosis,  how  many  chromosomes  are  present  in 

nhase?  In  the  anaphase?  In  the  resting  daughter  ee  .  ... 

(j  Outline  briefly  the  events  occurring  in  each  stage  of  mitosis. 

7.  Discuss  the  physical  conditions  which  cause  mitosis  to  occur. 

8  Compare  mitosis  with  meiosis. 

9'  Compare  spermatogenesis  with  oogenesis^  chromosomes  are  present  in  s 

,0.  In  an  animal  with  a .  hapl »,d  nui ».L» ^  ^  ^  ^  mdotic  divisi„„P  In  the 

r^ToTthe  meiotic  divishmP  In; «  SSSSS.  from 

„ 

elude  about  the  method  of  its  inheritance  spermatocytes?  How 

12.  How  many  human  sperm  will  be  produced 
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14.  Define  the  following:  gene,  locus,  allelomorph,  dominant,  recessive,  homozygous, 

heterozygous,  phenotype,  genotype,  back-cross.  . 

15.  In  peas,  yellow  color  is  dominant  to  green.  What  will  be  the  offspring  of  homozygous 
yellow  x  green?  heterozygous  yellow  x  green?  heterozygous  yellow  x  homozygous  yellow: 
heterozygous  yellow  x  heterozygous  yellow? 

16.  Could  two  blue-eyed  parents  have  a  brown-eyed  child?  Could  two  brown-eyed  parents 
have  a  blue-eyed  child? 

17.  If  two  animals  heterozygous  for  a  single  pair  of  genes  are  crossed  and  there  are  200 
offspring,  about  how  many  will  have  the  dominant  phenotype? 

18.  When  two  long-winged  flies  were  mated,  the  offspring  included  77  with  long  wings  and 
24  with  short  wings.  Is  the  short-winged  condition  dominant  or  recessive?  What  are  the 
genotypes  of  the  parents? 

19.  A  blue-eyed  man,  whose  parents  wrere  brown-eyed,  marries  a  brown-eyed  woman 
whose  father  was  blue-eyed  and  whose  mother  was  brown-eyed.  This  couple  have  a  blue¬ 
eyed  child.  What  are  the  genotypes  of  all  the  individuals  mentioned? 

20.  Outline  a  breeding  procedure  whereby  a  true-breeding  strain  of  red  cattle  could  be 
established  from  a  roan  bull  and  a  white  cow. 

SUPPLEMENTARY  READINGS 

Colin,  E.  C.:  Elements  of  Genetics.  2d  ed.  Philadelphia,  The  Blakiston  Company,  1945. 

An  elementary  discussion  of  the  principles  of  heredity,  with  a  good,  readable  discussion  of 
human  genetics. 

Snyder,  L.  II.:  The  Principles  of  Heredity.  3rd  ed.  Boston,  I).  C.  lleath  &  Co.,  1946. 

A  clearly  written  introduction  to  genetics. 
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I.  MENDEL’S  SECOND  LAW 


THE  TYPE  of  genetic  mating  discussed  in  the  previous  chapter,  where 
only  one  pair  of  genes  is  considered,  is  called  a  monohybrid  cross.  For 
the  sake  of  simplicity  it  is  best  to  begin  the  study  of  genetics  with  such 
a  problem,  but  it  is  often  necessary  for  the  geneticist  to  consider  the 
simultaneous  inheritance  of  two,  three,  or  even  more  pairs  of  genes. 
Such  crosses  are  called  dihybrid,  trihybrid,  and  so  on.  Problems  involving 
dihybrid  or  trihybrid  crosses  are  solved  exactly  as  are  problems  involv¬ 
ing  monohybrid  crosses,  the  only  difference  lying  in  the  greater  number 
of  types  of  gametes  and  the  consequently  greater  possible  number  of 
different  zygotes. 

When  two  pairs  of  genes  lie  in  different  (nonhomologous)  chromo¬ 
somes,  each  'pair  of  genes  is  inherited  independently  of  the  other  pair; 
that  is,  each  pair  separates  during  meiosis  independently  of  the  other. 
In  writing  the  genetic  formula  of  an  organism  in  which  we  are  consider¬ 
ing  two  pairs  of  genes,  we  must  write  two  of  each  kind  of  symbol.  Thus, 
a  black,  short-haired  guinea  pig  has  the  symbol  BBSS  (short  hair  being 
dominant  to  long  hair)  and  a  brown,  long-haired  one  has  the  symbol 
bbss.  The  gametes  of  the  BBSS  animal  are  all  BS.  Those  of  the  bbss 
guinea  pig  are  all  bs.  Now  let  us  suppose  that  the  B-b  genes  are  located 
in  a  rod-shaped  chromosome,  and  the  S-s  genes  in  a  hooked  chromosome. 
During  meiosis,  the  respective  homologous  chromosomes  synapse  and 
then  separate  so  that  each  gamete  gets  one  and  only  one  of  each  km  . 
Since  both  parents  are  homozygous  all  the  gametes  produced  by  eac 
are  identical.  All  the  offspring,  therefore,  are  BbSs,  heterozygous  for 
hair  color  and  for  hair  length,  and  all  are  phenotypically  black  and 

^EadTof  these  F,  individuals  produces  four  kinds  of  gametes  in  equal 
numbers— BS  Bs,  bS  and  bs— so  that  when  two  of  them  are  mated,  six¬ 
teen  combinations  are  possible  in  the  F,  ^neration  (see  checkerboard 
Fig.  207).  Adding  them  together,  there  are ,  nme  black.short^  three 
black  long:  three  brown,  short:  one  brown,  long.  .  ..  . ,  » 

closely.  This  ratio  illustrates  pair  of  genes 
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members  of  other  pairs  of  genes  and  come  to  be  assorted  at  random  in 

the  resulting  gametes.  .  .  . 

In  a  similar  fashion,  problems  involving  three  different  pairs  of  genes 

may  be  solved.  Of  course,  in  a  trihybrid  cross  the  three  heterozygous 
pairs  of  genes  form  eight  types  of  gametes  in  equal  numbers,  and  the 
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wh,ch  are  yellow,  smooth  and  tall  (JyS.T,).  When  two  of  these  F 
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plants  are  mated,  F  2  offspring  are  produced  in  the  ratio  of  twenty-seven 
yellow,  smooth,  tall:  nine  yellow,  smooth,  dwarf:  nine  yellow,  wrinkled, 
tall:  nine  green,  smooth,  tall:  three  yellow,  wrinkled,  dwarf:  three  green, 
wrinkled,  tall:  three  green,  smooth,  dwarf:  one  green,  wrinkled,  dwarf. 
Work  out  the  checkerboard  to  prove  this. 

II.  INTERACTIONS  OF  GENES 

So  far,  we  have  considered  situations  in  which  there  is  a  simple  rela¬ 
tionship  between  gene  and  character,  each  gene  producing  a  single  trait. 
In  reality,  as  genetic  research  soon  showed,  this  is  not  always  the  case. 
The  study  of  inheritance  is  complicated  by  the  fact  that  two  or  more 
pairs  of  genes  may  interact  in  any  one  of  several  ways  to  produce  a 
single  trait.  One  of  the  simpler  types  of  interaction  is  illustrated  by  the 
inheritance  of  combs  in  poultry.  We  mentioned  previously  that  the  gene 
for  rose  comb  (R)  is  dominant  to  that  for  single  comb  (r) .  Another  pair 
of  genes  governs  the  inheritance  of  pea  comb  (P)  versus  single  comb 
(p) .  The  genotype  of  a  single-combed  fowl,  then,  must  be  pprr;  a  pea- 
combed  fowl  is  either  PPrr  or  Pprr;  and  a  rose-combed  fowl  is  either 
ppRR  or  ppRr  (Fig.  208).  Investigators  found  that  when  a  homozygous, 
pea-combed  fowl  is  mated  to  a  homozygous,  rose-combed  one,  the  off¬ 
spring  have  neither  pea  nor  rose  combs,  but  a  completely  different  type 
called  walnut  comb.  Therefore,  the  walnut-combed  condition  is  produced 
whenever  a  fowl  has  one  or  two  R  genes  plus  one  or  two  P  genes,  and 
the  genotypes  PPRR,  PpRR,  PPRr,  and  PpRr,  are  all  phenotypically  wal¬ 
nut-combed.  When  two  heterozygous,  walnut-combed  fowls  are  mated, 
offspring  in  the  ratio  of  nine  walnut:  three  rose:  three  pea:  one  single 
are  produced.  IVIake  a  checkerboard  to  demonstrate  this. 

1.  Complementary  Genes.  It  sometimes  happens  that  two  pairs  of 
independent  genes  are  related  to  each  other  in  such  a  way  that  neither 
dominant  can  produce  its  effect  unless  the  other  is  present.  Such  pairs 
of  genes  are  called  complementary  genes.  The  presence  of  both  dom¬ 
inants  produces  one  character;  the  alternate  character  is  produced  by 
the  absence  of  either  one  or  both.  An  example  will  make  this  clear.  A 
geneticist  was  amazed  one  time  when  crossing  two  white  races  of  sweet 
peas  to  find  all  the  offspring  purple!  Crossing  two  of  the  Fx  purple  plants 
produced  an  F->  generation  in  the  ratio  of  nine  purple:  seven  white  (Tig. 
209).  Two  pairs  of  factors  proved  to  be  involved:  one  gene  (C)  pro¬ 
duced  a  white  raw  material  from  which  a  purple  pigment  could  be  made 
by  an  enzyme  produced  by  the  second  gene  (E)  The  homozygous 
recessive  (cc)  caused  the  absence  of  the  raw  material,  and  the  recessive 
(ee)  caused  the  absence  of  the  enzyme,  either  of  which,  o  course,  P 
vented  the  formation  of  the  purple  pigment.  In  this  particular  cross  o 
of  the  races  of  white  sweet  peas  lacked  the  raw  material  gene,  g 
genotypically  ccEE,  the  other  lacked  the  enzyme  gene  and  was  geno- 

?  •  11  rfpp  Mating  ccEE  with  CCee  resulted  in  F!  offspring  all 

typically  CC^.M^gcMw  bccause  both  the  raw  material 

which  were  CcEe-phenotypically  pu  I  ^  ^  mated> 
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white.  This  9:7  ratio  is  characteristic  of  the  F2  generation  of  a  cross 
involving  complementary  genes.  A  race  of  sweet  peas  breeding  rue  or 
purple  could  be  set  up  by  selecting  two  CCEE  plants  and  mating  them. 

2.  Supplementary  Genes.  A  slightly  different  sort  of  interrelationship 
between  genetic  factors  is  demonstrated  by  supplementary  genes.  1  hese 
are  two  independent  pairs  which  interact  in  such  a  way  that  one  dom¬ 
inant  will  produce  its  effect  whether  the  other  is  present  or  not,  but 


Fig.  208.  Heads  of  roosters,  showing  the  different  types  of  genetically  determined  combs. 
1,  5,  and  6,  Single  combs;  2  and  3,  pea  combs*  k  and  8,  rose  combs;  7,  V-shaped;  9,  straw¬ 
berry.  (Courtesy  of  the  United  States  Department  of  Agriculture.) 


the  second  can  produce  its  effect  only  in  the  presence  of  the  first.  The 
inheritance  of  coat  color  in  guinea  pigs  supplies  us  with  an  example 
of  supplementary  genes.  In  addition  to  the  B  gene  for  black  coat  and 
the  b  gene  for  brown  coat  mentioned  previously,  there  is  a  gene  C 
wh,ch  ,s  necessary  for  the  production  of  any  pigment  at  all  in  the 
he  homozygous  recess, ve  <c  produces  the  albino  condition  (complete 
-  )sence  of  pigment  in  hair  and  eyes) .  Because  of  this,  mating  an  albino 
of  the  genotype  ccBB  with  a  brown  guinea  ni*r  cchh  will  *  i 

F,  generation  all  of  which  are  black!  They  will  have  the  genotype'ccBb! 
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and  when  two  such  animals  are  crossed,  their  offspring  will  be  in  the 
ratio  of  nine  black:  three  brown:  four  albino.  Make  a  checkerboard  to 
show  this.  This  9:3:4  ratio  is  characteristic  of  the  F2  generation  in 


pi 


Gametes 


X 


/-sTvini 

rjrr7>\ 

X\ 

T  V 

U—  /  i 

\  -5 

i-  4.  / 

-Z 

A  i 

A  I 

White 


30  s  a 


Purple 


Purple 

@@(1® 


CCEE 

Purple 

CCEe 

Purple 

CcEE 

Purple 

CcEe 

Purple 

CCEe 

Purple 

CCee 

White 

CcEe 

Purple 

Ccee 

White 

CcEE 

Purple 

CcEe 

Purple 

ccEE 

White 

ccEe 

White 

CcEe 

Purple 

Ccee 

White 

ccEe 

White 

ccee 

White 

Phenotypes1  9  purple  :  7  white 
must  have  at  least  one  C  and  one  E. 

a  cross  involving  supplementary  factors.  The  color  gene 

its  effect  no  matter  which  of  the  B-b  genes  ,s  presen  but  the 

"a  £ 


Genetics 


439 


Hence  they  are  complementary  genes.  In  addition,  there  is  a  P  gene 
which  produces  purple  kernels,  but  only  if  both  a  C  and  an  R  are  present. 
This,  then,  is  supplementary  to  the  other  two  pairs  of  genes. 

It  is  beyond  the  scope  of  this  book  to  discuss  further  complexities  of 
gene  interraction.  The  problems  indicated  here  are  the  simplest  with 
which  the  geneticist  deals,  and  most  traits  are  governed  by  a  multitude 
of  genes  which  interact  with  each  other  and  with  the  environment  to 
produce  the  final  phenotype.  The  unscrambling  of  these  interactions  pro¬ 
vides  the  geneticist  with  many  difficult  problems.  Dr.  W.  E.  Castle,  of 
Harvard  University,  has  found  that  more  than  twelve  pairs  of  genes 
interact  in  various  ways  to  produce  just  the  coat  color  of  rabbits,  and 
the  many  geneticists  working  with  fruit  flies  have  found  that  over  100 
genes  are  concerned  with  the  color  and  shape  of  the  eyes. 

3.  Multiple  Factors.  The  principles  of  heredity  that  we  have  discussed 
underlie  the  inheritance  of  practically  all  traits  in  both  plants  and 
animals.  But  not  all  characters  are  inherited  in  this  simple  fashion;  in 
fact,  most  of  the  characters  such  as  height,  weight,  intelligence,  and  skin 
color  in  man,  as  well  as  such  commercially  important  factors  as  milk  pro¬ 
duction  in  cows,  and  egg  production  in  chickens,  are  inherited  in  a  com¬ 
plex  way  sometimes  called  blended  inheritance.  In  this,  the  offspring 
are  intermediate  between  the  parents.  Thus,  the  children  of  a  Negro- 
wliite  mating  are  all  mulattoes,  with  skin  colors  intermediate  between 
those  of  their  parents.  Blended  inheritance  is  controlled  by  multiple 
factors,  two  or  more  independent  pairs  of  genes  which  affect  the  same 
character  in  the  same  way  and  in  an  additive  fashion.  The  investigation 
of  the  inheritance  of  skin  color  was  pursued  by  Davenport  in  Jamaica, 
where  there  is  no  color  line  and  matings  between  Negro  and  white 
occur  freely.  He  found  that  two  pairs  of  genes  are  involved,  which  he 
called  A-a  and  B-b.  I  he  capital  letters  stand  for  genes  causing  dark 
skin— the  more  capital  letters,  the  darker  the  skin.  That  is,  the  genes 
affect  the  character  in  an  additive  fashion.  A  full  Negro  has  all  four 
dominant  genes  AABB  (the  genes  are  incompletely  dominant,  of  course) 
and  a  white  has  all  four  recessive  genes,  aabb.  The  P\  offspring  of  a 
mating  of  aabb  with  AABB  are  all  AaBb  and  have  intermediate  (mu¬ 
latto)  skin  color.  A  mating  of  two  such  mulattoes  produces  a  wide 
variety  of  skin  color  in  the  offspring,  ranging  from  as  dark  as  the  original 
Negro  parent  to  as  white  as  the  original  white  parent  (Table  10) 
Multiple-factor  crosses  are  characterized  by  producing  an  F,  generation 
intermediate  between  the  two  parents  and  showing  lfttle  variation,  and 
an  r2  generation  showmg  a  wide  variation  between  the  two  parental 
types,  but  with  a  greater  number  of  the  intermediate  forms,  and  only 

tew  as  extreme  as  either  grandparent.  Of  the  sixteen  possible  zveote 

combma  ,ons  from  a  of  AaBb  Wlt|,  AaBb  on]y  one  (AABBj  wi„  / 

dark  as  the  Negro  grandparent,  and  only  one  (oobb)  will  be  as  livht 
as  the  white  grandparent.  Since  the  genes  A  and  B  produce  about  fhe 
same  amount  of  darkening  of  the  skin,  the  genotypes  AcBb  AAKK  a 
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is  inherited  by  a  much  more  complex  set  of  multiple  factors,  possibly  ten 
or  more  pairs  of  genes  being  involved.  Since  tallness  is  recessive  to 
shortness,  the  more  capital  letters  in  the  genotype,  the  shorter  the  indi¬ 
vidual.  Because  of  the  many  pairs  of  genes  involved  and  because  height 
is  modified  by  environmental  conditions,  we  do  not  have  the  alternative 
conditions,  short  versus  tall,  or  even  short,  medium  and  tall.  Instead, 
there  are  people  of  every  height  from  about  55  inches  to  about  84  inches. 
If  we  measured  the  heights  of  a  thousand  American  adults  taken  at 
random,  we  would  find  the  majority  of  average  height — perhaps  68 
inches — and  only  a  few  as  tall  as  80  inches,  or  as  short  as  55.  In  a 
diagram,  when  the  number  of  people  of  each  height  is  plotted  against 
the  height  in  inches,  and  the  points  connected,  the  result  is  a  bell-shaped 
curve,  called  a  “normal  curve”  or  curve  of  normal  distribution. 


Table  10.  Multiple  Factor  Inheritance  oj  Skin  and  Color  in  Man 


Parents 


.  AaBb  X  AaBb 

(Mulatto)  (Mulatto) 
AB  Ab  aB  ab  AB  Ab  aB  ab 


Gametes 


Offspring: 

1  with  4  dominants — AABB — phenotypically  Negro 
4  with  3  dominants — 2  AaBB  and  2  AABb — phenotypically  “dark” 

6  with  2  dominants — 4  AaBb,  1  AAbb,  laaBB — phenotypically  mulatto 
4  with  1  dominant  — 2  Aabb,  2  aaBb — phenotypically  “light” 

1  with  no  dominants — aabb — phenotypically  white 


All  living  things  vary,  and  their  variations  usually  follow  this  normal 
curve.  If  you  pick  up  1000  seashells  of  the  same  species  and  measure 
their  length,  or  count  the  number  of  kernels  on  1000  ears  of  corn,  or  the 
number  of  pigs  per  litter  in  1000  litters,  or  weigh  1000  hen’s  eggs,  you 
will  find  the  normal  curve  in  each  case.  The  variation  resulting  in  this 
distribution  may  be  caused  by  hereditary  differences,  by  environmental 
differences  or  by  a  combination  of  the  two.  Commercial  breeders  who 
are  trying  to  breed  cows  that  will  give  more  milk,  or  hens  that  will 
lay  bigger  eggs,  or  ears  of  corn  with  more  kernels  per  ear,  are  working 
with  multiple  factors.  By  selecting  organisms  which  approach  the  pheno- 
tvpe  they  are  seeking,  and  using  them  in  further  matings,  they  gradu¬ 
ally  produce  true  breeding  strains  with  the  commercially  desirable  trait; 
tbot  ;c  thev  select  a  strain  homozygous  for  all  the  dominant  (or  reces- 


Genetics 


441 


inheritance  involved  is  characteristic  of  multiple  factors:  the  Fj  is  inter¬ 
mediate  between  the  two  parents;  the  F2  is  variable,  including  some 
individuals  with  as  many  spots  as  one  grandparent  and  some  with  as 
few  as  the  other.  The  term  modifying  factors  is  applied  to  multiple 
factors  which  affect  the  degree  of  expression  of  another  gene.  Many  ex¬ 


amples  of  such  factors  are  known. 

4.  Multiple  Alleles.  In  our  previous  discussion  we  have  considered 
only  genes  which  exist  in  pairs,  one  dominant  and  one  recessive.  Many 
genes,  however,  have  more  than  one  allele:  in  addition  to  a  dominant 
and  a  recessive  gene,  there  may  be  one  or  more  intermediate  genes 
forming  a  series.  Multiple  alleles  are  three  or  more  conditions  of  a 
single  locus,  producing  different  phenotypes.  Among  the  members  of 
a  species,  the  alleles  are  inherited  in  such  a  way  that  a  particular  in¬ 
dividual  receives  any  two  of  the  genes  and  never  more  than  two.  In 
rabbits,  for  example,  there  is  a  C  gene  which  causes  colored  coat, 
while  the  homozygous  recessive  (cc)  causes  albino  coat.  Two  other 
genes  located  at  the  same  locus  and  inherited  allelomorphically,  are  ch 
and  ceh.  The  gene  ch,  when  homozygous,  causes  the  “Himalayan”  pat¬ 
tern,  in  which  the  rabbit’s  body  is  white,  but  the  tips  of  the  ears,  nose, 
tail  and  legs  are  colored.  The  cch  gene,  when  homozygous,  produces  the 
“Chinchilla”  pattern,  a  light  gray  color  all  over  the  body.  These  genes 
may  be  arranged  in  a  series,  C,  cch,  ch,  c,  in  which  each  gene  is  dominant 
to  the  genes  following  it,  and  recessive  to  those  preceding  it.  From  this 
it  follows  that  chc  produces  a  “Himalayan”  phenotype.  In  other  series 
of  multiple  alleles,  the  genes  may  be  incompletely  dominant,  so  that  a 

heterozygote  (called  a  compound)  has  a  phenotype  intermediate  between 
those  of  its  parents. 


An  important  characteristic  in  man,  inherited  by  multiple  alleles,  is 
the  type  of  blood:  O,  A,  B  or  AB  (see  also  p.  139).  There  are  three 
alleles  in  this  series:  gene  A,  which  causes  the  formation  of  agglutinogen 

Ai-gtne  A  /  Wh,ch  Causes  the  formation  of  agglutinogen  B;  and  gene  a, 
w  ich  produces  no  agglutinogen.  Gene  a  is  recessive  to  the  other  two 
but  neither  gene  A  nor  A»  is  dominant  to  the  other.  A  compound  of  the 
vo  causes  the  formation  of  both  agglutinogens,  so  that  the  individual  is 
of  blood  group  AB.  Because  the  blood  types  are  determined  genetically 
and  d0  not  change  in  a  person’s  lifetime,  blood  tests  can  be  helpful  in 

test  r/n^868  °f  dlSput^d  Parentage.  It  must  be  emphasized  that  a  blood 
t  can  never  prove  that  a  certain  man  is  the  father  of  a  certain  child 
but  only  whether  he  could  be  its  father  (see  Table  11)  Two  other 

Rh  alleles™1  °f  bl°°d  tyP<5S  are  the  M'N  fa<*ors  «"d  the  series  of 


The  frequency  of  the  various  blood  tvDes  differ-?  in  rlitto  *. 

irys:  "li“.  Ar™  “■*  « z  sxzz 

American  Indians'^;  frequence,  oTa  "Vb'  4  T  T’  A"‘  AmonS 
interesting  work  combining  anthropology aVgenefe  K  ^ 

ri  ve'freq n en cy  of  *t  h c ^  blood  types'™ ^  “**  “  determined  ^  the  reTa- 
tremendous  ^^ation^from'  the  noSrmal°development  of  arf  organism  that 
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it  is  unable  to  survive.  The  existence  of  these  genes  is  detected  by  upsets 
in  genetic  ratios.  For  example,  in  a  certain  strain  of  mice,  although 
yellow  coat  color  was  exhibited,  experimenters  found  it  impossible  to 
establish  a  true  breeding  strain  for  yellow  coat.  Instead,  when  two 
yellow  mice  were  bred,  offspring  in  the  ratio  of  two  yellow:  one  black 
occurred!  A  yellow  mouse  bred  to  a  black  mouse  gave  50  per  cent  yellow 


Table  11.  Exclusion  of  Paternity  Based  on  Blood  Type  Tests 


Child 

Mother 

Father  Must  Be  of  Type 

Father  Cannot  Be  of  Type 

0 . 

0 

0,  A,  B 

AB 

0  . 

A 

0,  A,  B 

AB 

0 . 

B 

0,  A,  B 

AB 

A . 

O 

A,  AB 

0,  B 

A  . 

A 

A,  B,  AB,  0 

— 

B  . 

B 

A,  B,  AB,  0 

— 

A . 

B 

A,  AB 

0,  B 

B  . 

A 

B,  AB 

0,  A 

R  . 

0 

B,  AB 

0,  A 

AB . 

A 

B,  AB 

0,  A 

AR 

B 

A,  AB 

0,  B 

AB . 

AB 

A,  B,  AB 

0 

and  50  per  cent  black  offspring.  In  this  way,  yellow  was  proved  to  be 
dominant  to  black.  The  investigators  noticed  that  the  litters  of  yellow 
X  yellow  matings  were  only  three  quarters  as  large  as  other  mice  litters 
Evidently,  one  quarter  of  the  embryos  (those  homozygous  for  yellow) 
did  not  develop.  Using  AY  for  the  yellow  gene  and  a  for  its  recessive 
allele  (black) ,  the  yellow  X  yellow  mating  results  in  the  following  (Fig 

210)  : 


O  Yellow 

Difs  AYa  ^  AYa  aa 

McGraw-Hill  Book  Co.,  Inc.) 

Later  research  showed  that  the  homozygous,  yellow  f  the 

opment,  then  stopped,  died  and  embryos  a"  visible. 

mother  is  opened  early  in  pregnancy,  “Creeper”  fowl  have 

An  exactly  similar  situatmn  occurs  m  chickens^  Creepe^  ^  ^ 

short  legs  and  shorter  wings  than  norrn^.  VVh  ^  ^  eggs_ 

the  offspring  are  two  «r^rf,_have  marUed  abnormalities  of  the  verte- 

those  homozygous  for  creeper 

bras  and  spinal  cord,  and  die  without  hatching. 
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These  lethal  genes,  yellow  and  “creeper/'  produce  a  phenotypic  effect 
when  heterozygous  and  so  are  considered  dominant.  Many— perhaps 
most — lethal  genes  have  no  effect  when  heterozygous,  but  cause  deat  1 
when  homozygous,  and  therefore  are  called  recessive  lethal  genes.  These 
can  be  detected  only  by  special  genetic  techniques.  Analyses  of  wild 
populations  of  fruit  hies  ( Drosophila ) ,  made  by  these  special  techniques, 
have  revealed  many  recessive  lethals. 

Several  genes  are  suspected  of  being  lethal  in  human  embryos,  one  of 
which  is  a  dominant  gene  for  brachyphalangy  (short  fingers) .  Mohr  and 
Wriedt  reported  a  case  in  which  two  people  with  this  defect  married  and 
produced  a  child  with  no  fingers  or  toes,  who  died  immediately. 


III.  TIIE  GENETIC  DETERMINATION  OF  SEX 

The  sex  of  an  organism  is  another  trait  which  is  determined  genetically. 
There  is  one  exception  to  the  general  rule  that  all  homologous  pairs  of 
chromosomes  are  identical  in  size  and  shape:  the  sex  chromosomes.  In 
females  there  are  two  identical  sex  chromosomes,  called  X  chromosomes, 
but  in  males  there  is  only  one  X  chromosome,  and  a  smaller  one  called 
Y.  The  latter  contains  few  or  no  genes  and  is,  in  most  species,  of  a  dif¬ 
ferent  size  and  shape  from  the  X  chromosome,  yet  in  meiosis  in  the  male, 
X  and  Y  undergo  synapsis  and  then  separate.  Men,  therefore,  have 
twenty-three  pairs  of  ordinary  chromosomes,  plus  an  X  and  a  Y  chromo¬ 
some;  women  have  twenty-three  pairs  of  ordinary  chromosomes,  plus 
two  X  chromosomes.  But  it  is  not  the  Y  chromosome  which  determines 
maleness.  An  animal  may  have  no  Y  chromosome  at  all  (only  an  X)  and 
be  male,  although  he  will  probably  be  sterile.  Whether  a  person  is  male 
or  female  is  determined  by  whether  there  is  one  or  two  X  chromosomes. 

The  work  of  C.  B.  Bridges  shows  that  in  fruit  flies,  sex  is  determined 
by  the  ratio  of  the  number  of  X  chromosomes  to  the  number  of  haploid 
sets  of  other  chromosomes.  Thus,  in  males,  there  is  one  X  to  two  haploid 
sets  of  other  chromosomes,  a  ratio  of  1:2  or  0.5.  In  females  there  are 
two  X  chromosomes  to  two  sets  of  other  chromosomes,  a  ratio  of  1.0 
Now,  by  certain  genetic  techniques  possible  in  fruit  flies,  Bridges  set  up 
abnormal  flies  with  a  ratio  of  0.33  which  had  all  their  male  character¬ 
istics  exaggerated,  and  which  he  named  “supermales.”  He  also  set  up 
abnormal  individuals  with  the  ratio  of  1.5  sex  chromosomes  to  sets  of 
ordinary  chromosomes,  which  had  all  the  female  characteristics  exag¬ 
gerated  and  which  he  named  •'superfemales.”  The  ratio  0.67  produced 
animals  called  intersexes,  with  characters  intermediate  between  males 

u/er^l^re  iu  ^et!°rmal  fli6S'  “SUPe™ales  ”  “-perfema.es,”  and 

All  eggs  produced  by  females  have  one  X  chromosome.  Half  of  the 

a  V  TbM?  .by  mr  es  COntaln  an  X  chr°mosome  and  half  contain 

in  anT«  T  '!|  0"  °f  X‘ learmg  egg  by  an  X-bearing  sperm  results 
in  an  XX-female-zygote.  The  fertilization  of  an  X-bearing  1, 

Y-beanng  sperm  results  in  an  XY _ male _ 7V(rnfo  o-  ,,  ^  ^  a 

numbers  of  X  anH  y  KoQ  *  3g°te.  Since  there  are  equal 

*  - '» -  we=e?  is 
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so  that  sperm  containing  a  Y  chromosome  are  lighter  and  can  swim  a 
little  faster  than  X-bearing  sperm;  consequently,  they  are  able  to  win 
the  race  to  the  egg  slightly  more  than  half  the  time.  The  ratio  of  males 
to  females  at  conception  is  about  114:100.  But  during  intra-uterine 
development,  more  boys  than  girls  die,  so  that  the  ratio  at  birth  is  107  to 
100.  After  birth  this  differential  death  rate  continues,  and  by  the  age  of 
ten  or  twelve  there  are  equal  numbers  of  males  and  females,  after  which 
there  is  a  majority  of  females. 

This  mechanism  is  believed  to  operate  in  all  species  with  separate 
sexes.  In  some  animals — birds  and  butterflies  (Lepidoptera) — the  mech¬ 
anism  is  reversed:  males  are  XX  and  females  XY.  Sex  chromosomes 
have  been  detected  in  some  plants — notably,  strawberries — and  probably 
exist  in  other  plants  with  separate  sexes.  Remember  that  the  members 
of  many  species  have  the  organs  of  both  sexes.  In  such  organisms  (called 
hermaphroditic  if  animals,  and  monoecious  if  plants)  sex  chromosomes 
have  not  been  found. 

6.  Sex-Linked  Characteristics.  The  X  chromosome  contains  many 
genes;  the  Y  chromosome  contains  only  a  few.  The  traits  controlled  by 
genes  lying  in  the  X  chromosome  are  called  sex-linked,  because  their 
inheritance  is  linked  with  that  of  sex.  Male  offspring  receive  their  single 
X  chromosome  (and  all  the  genes  for  sex-linked  characters)  from  their 
mothers.  A  female  receives  one  X  from  her  mother  and  one  from  her 
father.  A  male  zygote,  having  but  one  X  chromosome,  has  only  one  of 
each  o-ene  located  in  the  X  chromosome.  To  avoid  confusion,  its  genotype 
is  written  with  the  Y.  Thus  if  A  is  a  sex-linked  gene,  the  genotype  for  a 
female  is  AA  (she  has  two  XX  chromosomes  and  each  contains  an  A 
gene) .  The  genotype  for  a  male  is  AY  (he  has  one  X  chromosome  con¬ 
taining  the  A  and  one  Y  chromosome  which  does  not  contain  an  A  gene) . 

1  In  fruit  flies,  one  of  the  classic  subjects  of  genetic  research  because  a 
new  generation  appears  every  ten  days,  the  normal  eye  color  is  dark  red, 
but  white-eyed  forms  do  occur.  The  genes  for  red  or  white  eye  color  are 
located  in  the  X  chromosome  and  hence  are  sex-linked.  Red  eye  coloi 
(R)  is  dominant  to  white  (r) .  In  sex-linked  inheritance  the  traits  of  the 
offspring  depend  upon  the  sex  of  the  parent  which  had  a  particular 
“  ,p  crossing  a  homozygous,  red-eyed  female  with  a  white-eyed  ma  e 
,RR  .  rY)  produces  all  red-eyed  offspring  (Rr  females  and  RY  males). 

„  white-eyed  female  with  a  red-eyed  male  (rr  X  RY)  produces 
offspring  in  which  all  the  females  are  red-eyed  (Rr)  and  all  the  males  are 

ease)  and  color  inherits 

Ms"Jor  bfmdness  from  his  mother  (who  would  have  to  be  heterozy¬ 
gous)  and  not  from  his  father!  characters  which  differ  in 

7.  Sex-Influenced  Cha roc tecs.  JN  ^  gex_influenced  traits,  are 

the  two  sexes  are  sex-linked,  son  ,  gex  chromosomes, 

inherited  by  genes  which  t  oug  no  ^  Thus  the  same  geno- 

are  altered  or  influencj-  ^’nt";iienotVpe  in  a  male  from  that  produced 
LyPae  fTma.rin  sheepdaff  single  pair  of  genes  determines  the  presence  or 
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absence  of  horns.  The  gene  H,  for  the  presence  of  horns,  is  dominant  in 
males,  but  recessive  in  females,  and  its  allelomorphic  gene,  h,  tor  horn¬ 
lessness  is  recessive  in  males,  but  dominant  in  females.  1  herefore,  the 
genotype  HH  produces  a  horned  animal,  regardless  of  sex;  Hh  produces 
the  horned  phenotype  if  the  animal  is  male,  the  hornless  one  it  the  ani¬ 
mal  is  female;  and  hh  produces  a  hornless  animal  whether  it  is  a  ram 
or  a  ewe. 

In  Ayrshire  cattle  the  inheritance  of  mahogany-and-white  spotted 
coat  and  its  allelomorph,  red-and-white  spotted  coat,  is  sex-influenced. 
The  gene,  M,  for  mahogany-and-white  is  dominant  to  the  gene  m  for 
red-and-white,  in  males,  but  recessive  to  it  in  females.  Thus  the  geno¬ 
type  MM  produces  a  mahogany-and-white  male  or  female,  and  mm  pro¬ 
duces  a  red-and-white  male  or  female.  But  Mm  produces  a  mahogany- 
spotted  coat  if  the  animal  is  male  and  a  red-spotted  coat  if  the  animal 
is  female. 

In  man  the  gene  for  pattern  baldness  is  sex-influenced,  its  expression 
being  altered  by  the  amount  of  male  sex  hormone  present.  It  is  dom¬ 
inant  in  males  and  recessive  in  females.  There  are  many  more  bald  men 
than  women  because  only  one  gene  for  baldness  will  cause  a  man  to  lose 
his  hair,  while  two  genes  are  needed  to  produce  a  bald  woman.  Suppos¬ 
ing  B  to  be  the  gene  for  baldness,  and  b  to  be  the  gene  for  nonbaldness, 
the  genotype  BB  produces  baldness  in  men  and  women;  Bb  produces 
baldness  in  men  but  not  in  women;  and  bb  causes  baldness  in  neither. 
Not  all  baldness  is  hereditary,  of  course;  some  types  are  caused  by  dis¬ 
ease  or  other  factors. 

In  working  a  problem  involving  a  sex-influenced  gene,  the  result  must 
be  stated  separately  for  the  two  sexes.  Therefore,  the  offspring  of  a 
heterozygous  bald  man  (Bb)  and  a  heterozygous  nonbald  woman  (Bb) 
will  be  in  the  ratio  of  three  bald  to  one  nonbald,  if  male,  but  three  non¬ 
bald  to  one  bald,  if  female. 

IV.  LINKAGE  AND  CROSSING  OVER 

In  discussing  the  simultaneous  inheritance  of  two  pairs  of  genes  we 
stressed  the  pointed  that  to  get  a  9:3:3: 1  ratio,  the  pairs  of  genes  must 
lie  in  different  (nonhomologous)  chromosomes.  Since  there  are  onlv 
twenty-four  pairs  of  chromosomes  and  many  hundreds  of  different  in¬ 
herited  traits,  it  is  obvious  that  there  must  be  many  genes  in  each 
c  romosome.  All  the  genes  in  each  chromosome  tend  to  be  inherited  as 
a  group  and  are  said  to  be  linked.  This  is  due  to  the  fact  that  in  meiosis 
the  homologous  pairs  of  chromosomes  separate  as  units  and  go  to  op- 
po  it  Mes.  Therefore,  all  the  genes  lying  in  one  chromosome  |o  to  one 
pole  to  become  incorporated  in  one  gamete,  and  all  the  genes  contained 

££££»?  "air  80  lo  the  °ther  -  * 
nl,Uenkbf  bet"T  the  g','"es  in  a  Siv™  chromosome  is  usually  not  com 

o^MuInS1^ Slnle^  °f  Synapsis  tthe  h° Wus  cW 

and  the  genes  located  in' them  Tl’ '  Seg”ents  of .  chromosome  material 

still  unknown  built  occ^’l^n,T  .meC,TT  °f  this  «*“ge  » 
osomes.  Therefore,  the  greater  the  diXn™  betltiTlci  SafyTo 
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given  genes  in  a  chromosome,  the  greater  is  the  chance  that  an  exchange 
of  segments  will  occur  between  them.  The  exchange  of  segments  be¬ 
tween  homologous  chromosomes,  called  crossing  over,  makes  possible 
new  combinations  of  linked  genes.  In  tomatoes,  the  genes  T  (tall)  and  t 
(dwarf) ,  and  S  (spherical  fruits)  and  s  (pear-shaped  fruits)  are  both 


P(  Tall  Tomato  Plant 

Spherical  Fruit 


Dwarf  Tomato  Plant 
Pear-shaped  F.ruit 


F. 


GAMETES 


Non-crossovers  Crossovers 


same  chromosome. 


located  in  the  same  ^romosome^and^lm^d.  T  ^ 

and  S  close  to  the  other  en  o  ,  t  (Fig.  211),  the  offspring 

plant  is  crossed  with  a  homozygous  P  nel;cany  heterozygous, 

are  all  tall  plants  with  spherical  fruit  but  case  in 

T.Ss.  So  far,  there  would  appear  to  he  no  d  l  erenc  ^  ^  q{  the 

which  the  genes  lie  in  a'i|"mozyg0us  recessive  Mss,  the  differ- 

F,  heterozygotes  is  crossed  with  a  nomozygu 
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cnee  is  apparent.  If  the  genes  were  not  linked,  but  were  in  different 
chromosomes,  the  offspring  would  be  in  the  ratio  of  one  tall,  spherical, 
one  dwarf,  spherical:  one  tall,  pear-shaped:  one  dwarf,  pear-shape  1.  1 
the  genes  were  completely  linked  and  no  crossing  over  occurre  ,  on  y 
tall  spherical  and  dwarf,  pear-shaped  plants  would  appear,  and  these 
would  be  in  equal  numbers.  Even  with  crossing  over  occurring  most 
of  the  offspring  are  either  tall  and  spherical,  or  dwarf  and  pear-shaped 
(noncrossovers),  and  only  those  few  in  which  an  exchange  took  place 
in  the  chromosome  between  T  and  S  are  tall  and  pear-shaped,  or  dwarf 
and  spherical  (crossovers) .  This  crossing  over  occurs  20  per  cent  of  the 
time,  and  offspring  are  in  the  ratio  of  forty  tall,  spherical:  forty  dwarf, 
pear-shaped:  ten  tall,  pear-shaped:  ten  dwarf,  spherical. 

The  facts  of  crossing  over  provide  proof  that  the  genes  lie  in  a  linear 
order  in  the  chromosomes.  If  three  genes  A,  B  and  C  lie  in  the  same 
chromosome,  and  tests  show  that  crossing  over  between  A  and  B  occurs 
5  per  cent  of  the  time,  and  crossing  over  between  B  and  C  occurs  3  per 
cent  of  the  time,  then,  when  the  percentage  of  crossing  over  between 
A  and  C  is  tested,  it  will  be  found  to  be  either  8  per  cent  or  2  per  cent. 
If  it  is  8  per  cent,  C  lies  to  the  right  of  B  and  the  order  is  as  follows: 
8% 

A  B  C.  If  it  is  2  per  cent,  then  C  lies  between  A  and  B  and  the  order 

~5% 

5% 


is  like  this:  AC  B.  In  all  tests  of  crossing  over  the  percentage  of 

crossing  over  between  the  first  and  third  gene  is  either  the  sum  of  or 
the  difference  between  the  percentages  of  crossing  of  the  first  and  sec¬ 
ond,  and  the  second  and  third.  These  facts  are  only  explained  by  assum¬ 
ing  that  the  genes  lie  in  a  linear  order  in  the  chromosome. 

All  the  genes  in  a  particular  chromosome  constitute  a  linkage  group. 
These  groups,  which,  of  course,  are  determined  genetically,  always  equal 
in  number  and  never  exceed  the  haploid  number  of  chromosomes.  This 
is  additional  confirmation  of  the  fact  that  the  genes  are  located  in  the 
chromosomes.  Linkage  groups  remain  constant  and  are  only  changed 
by  a  translocation  in  which  a  piece  of  one  chromosome  breaks  off  and 
becomes  attached  to  another,  nonhomologous  chromosome  (see  p.  470) 
The  linkage  between  two  particular  genes,  such  as  the  linkage  between 
tall  and  spherical,  is  called  a  specific  linkage.  These  may  be  changed 
by  crossing  over  so  that  tall  becomes  linked  to  pear-shaped.  That  is 
through  an  exchange  of  segments  between  homologous  chromosomes! 
he  gene  lor  tall  plants  and  the  gene  for  pear-shaped  fruit  come  to  lie  in 
the  same  chromosome.  It  is  beyond  the  scope  of  this  text  to  discuss  fur¬ 
ther  the  complexities  which  linkage  and  crossing  over  add  to  inher- 


V.  PENETRANCE  AND  EXPRESSIVITY 

In  all  the  genes  discussed  so  far,  each  recessive  gene  produces  its 
trait  when  it  is  homozygous,  and  each  dominant  gene  produces  its  ef- 
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feet  when  it  is  homozygous  or  heterozygous.  This  is  not  true  for  all  genes 

geneticists  have  found  some  which  do  not  always  produce  theii 
phenotypes  when  they  should.  Genes  such  as  the  ones  we  have  dis¬ 
cussed  so  far,  which  always  produce  the  expected  phenotype,  are  said 
to  have  complete  or  100  per  cent  penetrance.  If  only  70  per  cent  of  the 
individuals  of  a  stock  homozygous  for  a  certain  recessive  gene  show  the 
character  phenotypically,  however,  then  the  gene  is  said  to  show  70 
per  cent  penetrance.  The  percentage  of  penetrance  of  genes  showing  in¬ 
complete  penetrance  may  be  altered  by  changing  the  conditions  of  tem¬ 
perature,  moisture,  nutrition,  and  so  forth,  under  which  the  organism 
develops. 

Some  stocks  which  are  homozygous  for  a  certain  gene  may  exhibit 
wide  variations  in  the  appearance  of  the  character.  Fruit  flies  of  a  stock 
homozygous  for  a  gene  producing  shortening  and  scalloping  of  the  wings 
may  exhibit  wide  variations  in  the  degree  of  shortening  and  scalloping. 
Such  differences  are  known  as  variations  in  the  expressivity,  or  expres¬ 
sion,  of  the  gene.  The  expressivity  of  a  gene  may  be  altered  also  by 
changing  environmental  conditions  during  the  organism’s  development. 


VI.  INBREEDING  AND  OUTBREEDING 

It  is  commonly  believed  that  inbreeding — the  mating  of  two  closely 
related  organisms  such  as  brother  and  sister — is  harmful  and  leads  to 
the  production  of  idiots  and  monstrosities.  Even  the  marriage  of  first 
cousins  is  forbidden  by  law  in  some  states.  'Ihere  is  nothing  harmful, 
however,  in  the  act  of  inbreeding  itself.  Commercial  breeders  use  in- 
breeding  constantly  to  improve  their  strains  of  cattle,  wheat,  hens  or 
cantaloupes.  It  is  not  necessarily  a  bad  practice  in  human  beings;  it 
simply  provides  a  greater  chance  for  recessive  genes  to  become  homozy¬ 
gous  and  express  themselves  phenotypically.  All  organisms  are  heterozy¬ 
gous  for  many  characters,  some  of  the  recessive  genes  so  hidden  being 
for  desirable  characters,  while  others  are  for  undesirable  ones.  If  a  stock 
is  good,  inbreeding  will  improve  it;  if  a  stock  has  many  undesirable  re¬ 
cessive  traits,  inbreeding  will  cause  some  of  them  to  appear  pheno- 

l>The  opposite  of  inbreeding  is  outbreeding,  in  which  totally  unrelated 
strains  are  bred.  Frequently,  as  a  result  of  this,  the  offsprmg  are  much 
better  than  either  parent,  a  phenomenon  known  as  hybrid  vigor  Am  , 
the  hybrid  resulting  from  the  mating  of  a  horse  and  a  donkey,  is 
strong  and  sturdy  beast,  more  vigorous  than  either  parent  A  large  par 
of  the  corn  grown  in  the  United  States  is  a  special  hybrid  devebped  by 
the  United  States  Department  of  Agriculture  from  a  mating  of  four 
different^  strains  (Fig.  W  Each  year,  the  seed  to  ^  "nrfonriy 

fine  hybrid  corn  must  be  obtained  by  mating  the  original  strains 
the  hybrid,  being  heterozygous,  would  give  me  to  a  great  variety  of 
forms'  probably  none  of  which  would  be  as  good  as  the  ongma 

The  explanation  of  hybrid  vigor  is  as  follows:  m  the corn  e  ch  ofthe 

parental  strains  is  homozygous  for  ce.rta,"“n^“eJeand  each  has 
but  the  two  strains  are  homozygous  for  different  genes  ana  e. 
dominant  ones  to  mask  the  undesirable  recess, ve  genes  of  the  other.  Let 
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us  consider  just  four  pairs  of  characters,  A,  B,  C,  and  D,  the  capital  let¬ 
ters  standing  for  some  dominant  desirable  trait,  the  lower-case  letters 
for  their  recessive,  undesirable  alleles.  One  strain,  then,  might  have  the 


F 


lg.  ziz.  ine  muling  ol  inbred  strains  of  corn  to  produce  the  commercial  variety  with  strc 
hybnd  vigor.  (Courtesy  of  the  United  States  Department  of  Agriculture  ) 


wouTdbe  AaBbCdJd'  fndKthe  0th.f  ,aaBBccDD'  The  t'yht-Hl  offspring 
desi  able  traiu  Tb  '  • 6  deSirable  and  none  of  the  un 

complicated  than  tMs  S'lUal‘0n  “  COrn  °f  -re 
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VII.  BIOCHEMICAL  GENETICS 

lor  the  last  ten  or  fifteen  years,  geneticists  have  not  been  content 
"  *th  the  statement  that  a  particular  gene  produces  blue  or  brown  eyes 
in  man,  or  round  or  wrinkled  peas,  but  have  endeavored  to  discover 
the  actual  chemical  and  physical  mechanisms  involved.  Today,  there 
is  enough  information  about  this  field — which  involves  a  combination 
of  genetics,  embryology  and  biochemistry— to  form  the  basis  of  a  new 
science,  that  of  biochemical  genetics.  This  science  concerns  two  prin¬ 
cipal,  interrelated  problems:  (a)  the  chemical  and  physical  nature  of 
genes,  and  (b)  the  mechanism  whereby  these  genes  control  the  develop¬ 
ment  and  maintenance  of  the  organism. 

There  is  now  good  experimental  evidence  that  genes  belong  to  the 
class  of  chemical  compounds  known  as  nucleoproteins,  which  are  com¬ 
posed  of  proteins  and  nucleic  acids.  The  latter  are  found  in  all  bio¬ 
logical  substances  capable  of  self-reproduction — viruses,  chloroplasts 
and  mitochondria,  as  well  as  genes.  But  whether  it  is  the  protein  or  the 
nucleic  acid  part  of  the  gene,  or  both,  which  gives  it  its  unique  quality 
(enables  it  to  produce  a  blue  eye,  for  instance)  is  not  known. 

The  work  of  Drs.  G.  W.  Beadle  and  E.  L.  Tatum  and  their  collabora¬ 
tors  has  done  much  to  indicate  how  genes  function  in  the  control  of 
development.  Their  hypothesis  is  that  each  gene  manufactures  a  par¬ 
ticular  enzyme  which,  in  turn,  regulates  a  particular  step  in  the  syn¬ 
thesis  of  the  chemical  compound  appearing  as  the  end  result.  Consider 
how  this  works  in  a  specific  case.  In  guinea  pigs  B  is  a  gene  for  black 
coat,  and  b  a  gene  for  white  coat.  Now,  the  blackness  of  the  coat  is 
caused  by  a  pigment  known  as  melanin,  produced  by  the  oxidation  of 
a  chemical,  dihydroxyphenylalanine  (called  “dopa  for  short)  by  a  spe¬ 
cific  enzyme,  dopa  oxidase.  The  gene  b  differs  from  the  gene  B  in  such 
a  way  that  the  enzyme  dopa  oxidase  is  not  produced,  so  that  melanin 
is  not  formed,  and  consequently  the  fur  is  white. 

Beadle  and  Tatum  have  been  able  to  show  that  the  synthesis  of  all 
kinds  of  chemicals  by  the  baker’s  mold,  Neurospora,  depends  upon  the 
action  of  genes.  Usually,  the  synthesis  of  a  chemical  compound  requires 
several  different  steps,  each  controlled  by  a  different  enzyme,  made  by 
a  different  gene.  By  exposing  baker’s  mold  to  X-rays  or  ultraviolet  rays, 
these  investigators  have  produced  hundreds  of  mutations  in  which  the 
svnthesis  of  some  chemical  compound  required  for  growth  was  interfered 
with  In  each  case,  the  mutant  strain  was  found  to  differ  from  the  nor¬ 
mal  by  only  a  single  gene,  and  the  mutant  could  be  made  to  grow  nor¬ 
mally  ^if  supplied  with  a  single  chemical— a  vitamin,  an  amino  acid,  01 
something  efse— indicating  that  each  gene  produces  a  single  enzyme 
reflating  one  step  in  the  biological  synthesis  of  that  compound. 

In  man  similar  one-to-one  relationships  between  gene,  enzyme  and 
biochemical  reaction  are  known.  The  most  famous  o  these p-u>ts  >n  the 
abnormal  condition  known  as  alcap  onur.a  n  *c  P 
turns  black  upon  standing  for  ^  wh.l.  Tins  P-uharj^  ^  ^ 

through  a  single  pair  of  8 '  d  normal  people  have  an 

which  turns  black  .S  h°tm“fe"  t  t  "  excreted  as  carbon  dioxide  and 
rVS  :^to°nr  .:USthe  gene  to  make  this  en.me, 
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and  in  its  absence,  homogentisic  acid  accumulates  in  the  blood  and  spills 
over  into  the  urine,  causing  it  to  turn  black.  No  harmful  effects  appear 

to  be  associated  with  this  abnormality. 

One  of  the  major  unsolved  problems  of  biochemical  genetics  is  how  all  the 
various  tissues  of  the  body  become  established  in  the  right  places.  From  the 
discussion  of  the  regularity  of  the  mitotic  process,  it  is  clear  that  every  cell 
of  the  body  has  exactly  the  same  number  and  kind  of  genes  as  every  other 
one,  yet  the  end  results  of  their  activities  vary  remarkably.  The  differences 
must  somehow  be  due  to  the  different  metabolic  effects  of  the  same  genes 
working  in  various  cytoplasmic  environments. 

One  of  the  clearest  demonstrations  that  the  same  genes  working  in 
dissimilar  environments  do  have  different  effects  was  provided  by  ex¬ 
periments  with  three  races  of  frogs  found  naturally  in  Florida,  Pennsyl¬ 
vania  and  Vermont.  Each  of  these  types  normally  develops  at  a  certain 
speed  which  is  adapted  to  the  normal  length  of  the  spring  and  summer 
seasons,  Southern  frogs  developing  slowly,  and  Northern  frogs  more 
rapidly.  Northern  frogs  raised  in  Southern  conditions  were  overaccel¬ 
erated  in  development,  while  Southern  frogs  raised  in  Northern  condi¬ 
tions  were  overretarded.  By  fertilizing  an  egg  with  sperm  from  a  differ¬ 
ent  race,  and  then  removing  the  egg  nucleus  before  the  sperm  nucleus 
united  with  it,  it  was  possible  to  set  up  “Northern”  genes  operating  in 
“Southern”  cytoplasm.  This  resulted  in  poorly  regulated  development, 
and  the  animal’s  head,  growing  more  rapidly  than  the  posterior  region 
was  disproportionately  large.  When  “Southern”  genes  were  introduced 
into  “Northern”  cytoplasm,  again  there  was  poorly  regulated  develop¬ 
ment.  but  with  the  head,  rather  than  the  posterior  region,  retarded, 
causing  it  to  bo  disproportionately  small.  Genes  from  the  Pennsylvania 
race  acted  as  “Northern”  with  Florida  cytoplasm,  and  as  “Southern” 
with  Vermont  cytoplasm.  Thus,  exactly  the  same  set  of  genes  produced 
opposite  morphological  effects  when  operating  in  different  environments 


wur.  shuns 

n  \  50T  by  d.iaf ams  how  Senes  ,ocated  Afferent  pairs  of  chromosomes  senate  inde¬ 
pendently  in  meiosis.  6  6 

2.  In  peas,  yellow  color  (Y)  is  dominant  to  green  (y)  and  smooth  peas  (S)  are  dominant 

ing  crossed  '  gen°typic  and  PhenotyPic  ratios  of  the  offspring  of  the  follow- 

fa)  YYss  X  yySS 
(6)  YySs  X  YySs 

(c)  YySs  X  yyss 

( d )  Yyss  x  yySs 

3.  In  rabbits,  spotted  coat  (S)  is  dominant  to  solid  colors  fs)  and  bliol-  OP  A 

to  brown  (b) .  A  brown  spotted  rabbit  is  mated  to  a  solid  black  one  In  1^11  M  V d°™mant 

be  the  appearance  of  the  Fj?  If  two  of  these  Fi  eats  nr  ®bor|"haired  Siamese>  what  will 
in£  in  the  F2  a  long-haired!  black  andinlf?  ^  ^  "  the  chance  of 

u  ?eas’,ta11  P,ants  (T)  are  dominant  to  dwarf  (»)  What  would  h*  u  .  , 

the  offspring  of  the  following  matings?  W  VY  nat  ould  be  the  phenotypes  of 

(a)  TtYySs  X  ttyyss 

(b)  TtyySs  X  ttYySs 
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6.  Define  the  following:  complementary  genes,  supplementary  genes,  multiple  factors, 
multiple  alleles,  sex-linked  character,  sex-influenced  character,  penetrance. 

7.  A  walnut-combed  rooster  is  mated  to  three  hens.  Hen  A,  which  is  walnut-combed,  has 
offspring  in  the  ratio  of  3  walnut:  1  rose.  Hen  B,  which  is  pea-combed,  has  offspring  in  the 
ratio  of  3  walnut:  3  pea:  1  rose:  1  single.  Hen  C,  which  is  walnut-combed,  has  only  walnut- 
combed  offspring.  What  are  the  genotypes  of  the  rooster  and  the  three  hens? 

8.  What  conditions  result  in  the  following  phenotypic  ratios:  3:1,  1:2:  1,  9:  3:  3:  1,  9: 
7,  1:  4:  6:  4:  1,  2:  1,  47:  47:  3:  3? 

9.  The  weight  of  the  fruit  in  one  variety  of  squash  is  determined  by  three  pairs  of  genes, 
AABBCC  producing  6-pound  squashes,  aabbcc  producing  3-pound  squashes.  Each  dominant 
gene  adds  one-half  pound  to  the  weight.  When  a  6-pound  squash  is  mated  to  a  3-pound 
squash,  all  the  offspring  weigh  4%  pounds.  What  would  be  the  weights  of  the  Fo  fruits  if  two 
of  these  Fi  plants  were  mated? 

10.  Mrs.  Smith  and  Mrs.  Roe  had  babies  at  the  same  hospital  at  the  same  time.  Mrs. 
Smith  took  home  a  girl  and  named  her  Nancy.  Mrs.  Roe  received  a  boy  and  named  him 
Richard.  Mrs.  Roe  was  sure,  however,  that  she  had  had  a  girl,  and  brought  suit  against  the 
hospital.  Blood  tests  showed  that  Mr.  Roe  was  type  O,  Mrs.  Roe  type  AB,  Mr.  and  Mrs. 
Smith  were  both  type  B,  Nancy  was  type  A,  and  Richard,  type  O.  Had  an  exchange 
occurred? 

11.  A  gene  I,  known  in  fruit  flies,  is  sex-linked,  recessive,  and  lethal.  If  a  normal  male  is 
mated  to  a  female  heterozygous  for  this  gene,  what  will  be  the  sex  ratio  of  their  offspring? 

12.  Explain  the  mechanism  of  the  genetic  determination  of  sex. 

13.  One  pair  of  genes  for  coat  color  in  cats  is  sex-linked.  B  produces  yellow  coat,  b  produces 
black  coat,  and  the  heterozygote,  Bb,  produces  tortoise-shell.  What  kind  of  offspring  result 
from  the  mating  of  a  black  male  and  a  tortoise-shell  female? 

14.  A  bald,  normal-visioned  man  w'hose  father  was  not  bald,  marries  a  nonbald,  normal- 
visioned  woman  whose  father  was  color-blind  and  whose  mother  was  bald.  What  types  of 
offspring  may  they  have? 

15.  What  is  meant  by  linkage?  By  crossing  over? 

16.  What  are  the  advantages  and  disadvantages  of  inbreeding? 

17.  What  is  meant  by  hybrid  vigor?  What  is  the  genetic  explanation  of  this  phenomenon. 
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CHAPTER  25 


INHERITANCE  IN  MAN 


MOST  LAYMEN,  and,  unfortunately,  some  biologists  and  physi¬ 
cians  have  the  idea  that  little  or  nothing  is  known  about  human 
inheritance  except  that  some  things  “seem  to  run  in  families.”  This  is 
far  from  true.  A  great  deal  of  information  about  heredity  in  man  has 
been  accumulated,  and  research  in  this  fiteld  is  still  going  forward  rapidly 
as  new  techniques  involving  statistical  methods  are  devised. 

Inheritance  in  man  depends  upon  the  same  principles  as  inheritance 
in  plants  and  other  animals.  Human  traits  may  be  controlled  by  mul¬ 
tiple  factors,  multiple  alleles,  sex-linked  genes  and  all  other  types  of 
inheritance  mentioned  in  the  last  chapter.  It  is  more  difficult  to  study 
inheritance  in  man  than  in  animals  and  plants  because  some  of  the 
techniques  such  as  test  crosses  and  progeny  tests  are  obviously  im¬ 
possible. 

When  studies  of  human  heredity  were  first  initiated,  geneticists  de¬ 
pended  solely  upon  the  accumulation  of  family  histories,  or  pedigrees, 
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Fig.  213.  A  pedigree  for  blue  eyes. 

for  their  knowledge  of  the  specific  method  involved  in  the  inheritance 
ot  trait.  But  since  1925,  a  new  tool,  statistics,  has  been  of  increasing 
value  in  interpreting  the  raw  material,  by  indicating  the  probability  that 
a  certain  type  of  inheritance  is  involved. 

Ihe  age  at  which  a  particular  gene  expresses  itself  phenotypically 
\anes  widely  with  different  characteristics.  Most  of  them  develop  long 
before  birth,  although  some,  including  hair  and  eye  color,  may  not  ap- 
pear  untd  later.  Others,  such  as  amaurotic  idiocy,  become  evident  Fn 

“  g,a”’  ***»  only  after  the  individ- 
I.  PEDIGREES 

In  pedigree  diagrams,  males  are  indicated  by  squares  and 

jy  circles.  Individuals  showing  the  particular  trait  in  question  are  col- 
ored,  those  not  showing  the  character  arr*  lpfi  ldnr»i-  n £  .• 

indicated  by  connecting  lines,  and  all  the  individuals  of  thelamegenera" 
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tion  are  placed  in  the  same  row.  The  pedigree  in  Fig.  213  reveals  that 
No.  11  is  a  blue-eyed  girl,  while  her  two  sisters  (12  and  13)  and  her 
brother  (10) ,  as  well  as  her  mother  (8)  and  father  (7) ,  are  all  brown¬ 
eyed.  Her  two  aunts  (5  and  6) ,  an  uncle  (9) ,  her  paternal  grandfather 
(1)  and  maternal  grandmother  (4)  are  brown-eyed,  but  her  paternal 
grandmother  (2)  and  maternal  grandfather  (3)  are  blue-eyed.  Her  par¬ 
ents  are,  of  course,  heterozygous  for  blue  eyes.  Pedigrees  for  recessive 
traits  are  characterized  by  this  “skipping  of  a  generation.” 

II.  THE  INHERITANCE  OF  PHYSICAL  TRAITS 

The  development  of  every  organ  of  the  body  is  regulated  by  genes, 
some  of  which  are  now  known  in  spite  of  the  difficulties  involved  in 
studying  human  inheritance.  Table  12  lists  some  of  the  human  traits 
known  to  be  hereditary,  arranged  according  to  the  system  involved. 
Some  of  the  conditions  are  caused  by  dominant  genes  in  one  pedigree, 
and  by  recessive  genes  in  another. 


Table  12.  Some  Traits  in  Man  Known  to  Be  Inherited 


Dominant 

Hair,  Skin,  Nails,  Teeth 

Dark  hair  . 

Nonred  hair  . 

Curly  hair . 

Abundant  body  hair . . 

Early  baldness  (dominant  in  male)  . 

White  forelock  . . . ; . 

Piebald  (skin  and  hair  spotted  with  white)  . 

Pigmented  skin,  hair,  eyes . . 

Black  skin  (2  pairs  of  genes,  dominance  incomplete) 

Ichthyosis  (scaly  skin)  . . 

Epidermis  bidlosa  (sensitiveness  to  slight  abrasions) 

Absence  of  enamel  of  teeth . 

Normal  . 


Recessive 


Blond  hair 
Red  hair 
Straight  hair 
Little  body  hair 
Normal 
Self-color 
Self-color 
Albinism 
White  skin 
Normal 
Normal 
Normal 

Absence  of  sweat  glands 


Eyes 

Brown  . 

‘‘Mongoli^Told”  (extra  foid  of  skin  in  Chinese  and 

Japanese)  . 

Congenital  cataract . 

Nearsightedness  . 

Farsightedness  . 

Astigmatism  . 

Glaucoma . .  . . ; . 

Aniridia  (absence  of  iris)  . . 

Congenital  displacement  of  lens . 

Normal  . 

Normal  . 


Blue  or  gray 
Blue  or  gray 
No  fold 

Normal 
Normal  vision 
Normal  vision 
Normal  vision 
Normal 
Normal 
Normal 

Optic  atrophy  (sex  linked) 
Microphthalmus 


Features 

Free  ear  lobes . 

Broad  lips  . 

Large  eyes . 

Long  eyelashes . 

Broad  nostrils . 

High,  narrow  bridge  of  nose 
“Roman”  nose  . 


Attached  ear  lobes 
Thin  lips 
Small  eyes 
Short  eyelashes 
Narrow  nostrils 
Low,  broad  bridge 
Straight  nose 


455 


Inheritance  in  Man 

Table  12.  Some  Traits  in  Man  Knoum  to  Be  Inherited  ( continued ) 
Dominant  Recessive 


Skeleton  and  muscles 

Short  stature  (many  genes)  . j„ . 

Achondroplasia  (dwarfism)  . 

Ateliosis  (midget)  . 

Polydactyly  (more  than  5  digits  on  hands  or  feet) 
Syndactyly  (webbing  of  2  or  more  fingers  or  toes) 

Brachydactyly  (short  digits)  . 

Cartilaginous  growths  on  bones . 

Normal . 

Normal . 


Tall  stature 

Normal 

Normal 

Normal 

Normal 

Normal 

Normal 

Club  foot  (not  always  in¬ 
herited) 

Progressive  muscular  atrophy 
(sex-linked) 


Circulatory  and  Respiratory  Systems 
Hereditary  edema  (Milroy’s  disease) 

Blood  groups  A,  B,  and  AB . 

Hypertension  (high  blood  pressure) 

Resistance  to  tuberculosis . 

Normal  . 

Anemia  (certain  types) . 

Excretory  System 

Polycystic  kidney . 


Normal 
Blood  group  O 
Normal 

Susceptibility  to  tuberculosis 
Hemophilia  (sex-linked) 
Normal 


Normal 


Endocrine  System 
Diabetes  mellitus  (low  penetrance) 


Normal 


Digestive  System 

Enlarged  colon  (Hirschsprung’s  disease) 


Normal 


Nervous  System 

Tasters  (of  phenylthiocarbamide) 

Normal . 

Normal . 

Huntington’s  chorea . 

Normal . 

Migraine  (sick  headache)  . 

Normal . 

Normal . 

Paralysis  agitans  . 

Cancers 


Nontasters 
Congenital  deafness 
Spinal  ataxia 
Normal 

Amaurotic  idiocy 
Normal 

Dementia  praecox  (several 
pairs  of  genes  involved) 
Phenylketonuria  (type  of  im¬ 
becility) 

Normal 


Normal . 

Recklinghausen’s  disease 
Normal . 


Xeroderma  pigmentosum 

Normal 

Retinal  glioma 


reressiveP,  f  IT  •“  Inan  (S  regulated  by  several  genes.  Blond  hair  is 
light  hlir‘s  due  t  T  ?  e(ProdU,Ction  of  difIerent  ^ades  of  dark  or 

rr,L?£”Srr :  ■- “d>?  -h“K“ 

is  masked  by  the  dark  £££  "  ,  a  h,°“°?yg°us) ,  the  red  pigment 
suits.  Curly  hair  is  not  Lll  ^  ha,r  With  a  reddish  «nt  re- 
erosygous  "condi^roS'^r ^  *°  Straight  het‘ 
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Eye  color  is  regulated  by  the  amount  and  location  of  pigment  in  the 
iris.  The  pink  eyes  of  albinos  are  really  colorless,  the  effect  of  pinkness 
being  due  to  a  reflection  from  blood  vessels  in  the  iris  and  back  of  the 
eye.  Nor  do  blue  eyes  contain  blue  pigment;  in  this  case,  it  is  dark 
pigment  in  the  back  of  the  iris  from  which  light  is  reflected  to  produce 
the  impression  of  color.  If  such  an  iris  has  a  small  amount  of  yellow 
pigment  in  the  front  of  the  iris,  a  green  eye  results.  A  scattering  of  dark 
pigment  in  the  front  of  the  iris  produces  a  gray  eye.  A  brown  or  black 
eye  is  due  to  heavy  concentration  of  pigment  in  the  front  of  the  iris. 
The  “Mongolian  fold”  of  the  eye  is  a  piece  of  skin  extending  from  the 
upper  lid  down  over  the  inner  corner  of  the  eye,  which  gives  the  Chinese 
and  Japanese  their  slant-eyed  appearance.  This  fold  is  not  limited  to 
the  Mongolian  race,  however. 

The  “Mongolian  spot,”  an  irregular,  bluish  mark  which  appears  in 
the  lumbar  region  of  newborn  babies,  may  be  as  small  as  a  pea  or  as 
large  as  an  apple,  but  it  usually  fades  out  in  childhood.  It  occurs  almost 
universally  in  Mongolians,  frequently  in  members  of  the  black  and 
brown  races,  and  rarely  in  whites.  It  does  not  necessarily  indicate  Mon¬ 
golian  ancestry.  Epidermis  bullosa  is  an  abnormality  in  which  blisters 
of  various  sizes  appear  on  the  skin,  especially  of  the  hands  and  feet,  in 
response  to  slight  friction.  People  with  this  condition  have  difficulty 
wearing  shoes,  and  must  wear  loose-fitting  clothing.  Another  inherited 
abnormality  is  the  complete  absence  of  sweat  glands,  which  is  usua  \ 
accompanied  by  scanty  hair  and  a  deficient  number  of  teeth.  A  person 
with  this  abnormality  suffers  terribly  from  heat,  and  in  hot  weather 

must  frequently  immerse  himself  in  water.  ,  , 

Some  hereditary  factors  produce  such  a  striking  abnormality  that  the 
person  is  classed 'as  a  freak.  The  condition  known  as  hypertr.chos.s  is 
caused  by  a  dominant  gene  which  causes  the  embryonic  hair  norma  j 
shed  before  birth— to  remain  and  grow  excessively  throughout  life,  r 
suiting  in  the  “dog-faced  man”  of  the  circus  sideshow.  T  e  Por^l,P’^ 
man”  of  the  circus  suffers  from  ichthyosis,  in  which  a  dominant  gene 
produces  a  dry  skin  covered  with  flakes  or  scales  that  are  constant!. 

'’Tlost'of  the  skeletal  and  muscular  conditions  mentioned  in  the  table 
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atrophy  or  wither.  The  condition  appears  before  a  chfld  is  te  y 
and  becomes  progressively  worse;  death  usua  y  ensues  and  the 

We  have  previously  discussed  the  inheritance  o :  hemopm  ^  ^ 

blood  groups.  Milroy's  disease  is  a  itrcc  1  excessive  amount  of 

blood  vessels  of  the  extremities  are  weak  and  an  exe  s  swollen, 

plasma  passes  from  the  vessels  into  the  tissues,  caus  g 

“watery”  condition  known  as  ede"’°-  .  hi„h  bi00d  pressure,  have 
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weight  if  necessary. 
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People  differ  in  their  ability  to  taste  certain  things.  I  he  first  accurate 
study  of  this  was  made  by  using  a  chemical,  phenylthiocarbamide, 
which  some  people  report  to  be  completely  tasteless  and  others  find  to 
have  a  bitter  taste.  The  inheritance  of  “tasting”  versus  “nontasting”  is 
controlled  by  a  single  pair  of  genes,  “tasting”  being  dominant  to  non¬ 
tasting.” 


III.  INHERITANCE  OF  MENTAL  QUALITIES 


At  one  time  a  bitter  argument  raged  over  whether  heredity  or  en¬ 
vironment  was  the  more  important  in  determining  human  character¬ 
istics.  We  now  know  that  mental  traits  develop  under  the  influence  of 
genes,  just  as  physical  traits  do,  but  that  the  final  result  of  both  depends 
upon  the  interaction  of  genes  with  the  environment.  For  some  charac¬ 
teristics,  genes  play  the  dominant  role;  for  others,  environment  seems 
to  be  more  important. 

Mental  traits  are  particularly  difficult  to  study  genetically.  Such 
qualities  as  attitude,  temperament  and  intelligence  are  difficult  to  de¬ 
fine  and  measure,  and  it  is  sometimes  impossible  to  distinguish  between 
different  types  of  mental  disorders.  But  other  types  of  mental  disorders 
are  distinctive,  and  their  inheritance  has  been  studied. 

1.  Inheritance  of  Mental  Disorders.  Spinal  ataxia  is  a  condition  in 
which  the  sensory  nerve  tracts  degenerate,  cutting  off  the  sensory  im¬ 
pulses  on  which  equilibrium  depends.  A  person  suffering  from  this  can¬ 
not  stand  without  swaying,  and  in  the  advanced  stages  loses  all  power 
of  independent  movement.  Ihe  condition  is  inherited  through  a  recessive 
factor  in  some  families,  through  a  dominant  one  in  others. 


A  single,  dominant  gene  causes  the  degeneration  of  the  large  ganglion 
cells  of  the  floor  of  the  cerebrum,  which  results  in  involuntary  move¬ 
ments,  especially  of  the  hands — a  condition  known  as  paralysis  agitans. 

Another  dominant  factor,  causing  involuntary  twitchings  of  the  head, 
arms  and  legs,  and  known  as  Huntington’s  chorea,  appears  only  after 
maturity.  Ihe  condition  becomes  progressively  worse,  leading  to  in¬ 
sanity  and  death.  Almost  all  the  cases  of  this  disease  in  the  United 
.  tates  can  be  traced  back  to  three  brothers  who  landed  in  New  England 
in  the  seventeenth  century. 

Juvenile  amaurotic  idiocy  a  defect  which  appears  within  the  first 
jears  of  life,  is  inherited  through  a  single,  recessive  gene  The  dis¬ 
ease  is  characterized  by  the  degeneration  of  the  nervous  system  and  the 
retina  of  the  eye,  and  results  in  blindness,  paralysis,  mental  failure  and 


Phenylketonuria,  a  type  of  imbecility  caused  by  a  single  recessive 
gene,  is  accompanied  by  the  excretion  of  a  substance  known  as  plienvl 

whrt^relif  thltenhnnei  ^  ^  ^',°cks  a  certain  chemical  reaction 

«f  steps  by  a — 

urine— accumulates  in  the  blood  and  is  excreted  in'thT  uV^'ti"0™'11 
stood011  betWeen  thiS  Chemical  bl0Ck  and  the  imbecility  is  not  under- 

orders  Tmore  obscure'.1  The"  ‘J*  °°7  •‘ypc?  °fmental  ^ 

praecox,  in  which  the  patient 


458 


The  Mechanism  of  Heredity 

in  the  normal  pattern  of  life,  he  becomes  withdrawn  and  incoherent. 
1  he  disease  definitely  runs  in  families  and  apparently  is  brought  about 
by  the  interaction  of  several  pairs  of  recessive  genes.  Clear  evidence  of 
its  hereditary  nature  comes  from  studies  of  twins.  In  identical  twins, 
where  the  hereditary  factors  are  identical,  if  one  member  of  the  pair  has 
dementia  praecox,  the  other  shows  it  in  a  large  percentage  of  cases  (68 
per  cent  according  to  one  report) .  Environmental  differences  affecting 
the  penetrance  of  the  genes  are  responsible  for  the  absence  of  the  dis¬ 
order  in  the  remainder  of  the  cases.  In  fraternal  twins,  where  the  hered¬ 
itary  factors  are  no  more  similar  than  in  ordinary  brothers  and  sisters, 
the  second  member  of  the  pair  develops  dementia  praecox  in  a  much 
smaller  percentage  of  cases  (15  per  cent  according  to  the  same  study) . 
This  method  of  comparing  identical  and  fraternal  twins  is  an  important 
tool  for  determining  whether  a  given  condition  has  a  hereditary  basis.  A 
committee  of  the  American  Neurological  Association  has  examined 
studies  made  by  various  investigators  and  concluded  that  heredity 
plays  an  important  part  in  producing  dementia  praecox,  but  that  hered¬ 
itary  factors  are  sometimes  inadequate  by  themselves  to  produce  the 
disease.  And  it  may  even  appear  in  the  absence  of  such  factors,  so  that 
they  are  not  invariably  essential. 

Manic-depressive  insanity  is  a  type  in  which  the  individual  is  ab¬ 
normally  sensitive  to  his  surroundings  and  undergoes  exaggerated 
changes  of  mood  from  the  manic  (excited)  to  the  depressive  state. 
Again,  studies  of  twins  show  that  hereditary  factors  are  involved.  In 
identical  twins,  if  one  member  of  the  pair  exhibits  this  type  of  insanity, 
the  other  member  does  also  in  a  high  percentage  of  cases  (70  to  96  per 
cent  in  different  studies) .  As  for  fraternal  twins,  only  in  a  minority  of 
pairs  do  both  members  have  the  condition  (7  to  14  per  cent  according 
to  different  investigators) .  Family  histories  of  manic-depressive  insanity 
indicate  that  several  pairs  of  genes  are  active,  some  of  which  are 


dominant.  . 

Epilepsy,  in  which  a  person  suffers  from  periodic  convulsions  and  loss 

of  consciousness,  may  be  caused  either  by  genetic  factors  or  by  injuiy 
or  infection  of  the  brain.  The  cases  caused  by  genetic  agents  seem  to 
depend  on  several  pairs  of  recessive  genes.  Recent  work  with  the  elec- 
troencephalograph  (see  p.  277)  indicates  that  the  relatives  of  epileptics 
sometimes  show  disordered  brain  waves,  but  not  the  epileptic  seizures. 
Such  people  may  possibly  have  some,  but  not  all  the  genes  necessary 
for  the  manifestation  of  epilepsy.  It  is  advisable  that  two  people  with 
such  disordered  brain  waves,  even  though  they  do  not  have  epilepw 
should  avoid  having  children,  because  their  offspring  might  very  well 

beThe  genetic  basis  of  mental  ability  or  intelligence  is  one  of  the  most 
imoortant  and,  at  the  same  time,  one  of  the  most  difficult  of  a  p 
I  f  human  heredity.  The  interpretation  of  genetic  facts  can  easily 

be^me  colored  by  pofitical,  sociological,  psychological  or  educa bona 
•  ,  nc  essential  for  the  investigator,  as  well  as  the  layman, 
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Within  limits,  however,  they  seem  to  have  a  definite  value.  The  widely 
used  tests,  such  as  the  Stanford-Binet,  are  prepared  by  setting  tasks 
for  children,  and  determining  what  capacities  can  be  expected  normally 
of  each  age.  In  taking  the  test,  a  child  is  given  progressively  more  diffi¬ 
cult  problems  until  he  is  unable  to  solve  one.  As  a  result,  a  wide  range  of 
mental  ability  from  complete  incompetence  to  excellent  comprehension 
has  been  found  for  every  age  group.  A  child  of  six  who  can  solve  prob¬ 
lems  ordinarily  solved  by  children  eight  years  old,  obviously  is  superior 
to  one  of  six  who  can  do  only  those  normally  done  by  children  six  years 
old.  This  “mental  age,”  as  determined  by  the  test,  is  divided  by  the 
actual  chronological  age  and  the  quotient  multiplied  by  100  to  give  the 
“intelligence  quotient”  or  I.Q.  An  T.Q.  of  100  is  normal.  When  the  I.Q.’s 
of  a  large  number  of  people  are  determined,  they  can  be  seen  to  form  a 
normal  curve  of  distribution  from  0  to  over  140,  with  the  largest  num¬ 
ber  of  scores  in  the  normal  class,  and  progressively  fewer  scores  in  the 
classes  farther  from  the  normal  (Table  13). 

Table  13.  Classification  of  Intelligence 


I.Q.  Designation 

140  or  over . “Genius” 

120-140  . Very  superior 

110-120  . Superior 

90-110  . Normal 

80-  90  . Dull 

70-  80  . Borderline 

50-  70  . Moron  ] 

25-  50  . Imbecile  ^“feeble-minded” 

0-25  . Idiot  j 


People  with  an  I.Q.  less  than  70  are  termed  as  “feeble-minded”,  and 
three  grades  of  the  condition  are  recognized.  The  highest  class  morons 
includes  those  with  an  I.Q.  between  50  and  70.  These  people  are  unable 
to  govern  their  affairs  satisfactorily,  but  can  perform  simple  tasks  and 
may  be  partially  self-supporting.  The  next  lowest  class,  imbeciles,  in¬ 
cludes  people  whose  I.Q.’s  are  between  25  and  50,  corresponding  to  a 
mental  age  of  three  to  seven  years.  These  are  unable  to  earn  a  living 
but  can  take  care  of  themselves.  The  lowest  class,  known  as  idiots,  is 

n0ZT,  T°i-PrP  W1!h  a  rntal  a®e  of  °"e  or  two,  or  an  I.Q.  between 
selves  25  Id'0tS  Cann0t  Perform  even  so  simple  a  task  as  feeding  them- 

serTehsafrom  idToTtn  caPacitie.s  °f  ' people  form  a  continuous 
series  from  idiot  to  genius,  with  the  distribution  of  the  I.Q ’s  conform 

ing  to  a  normal  curve,  suggests  the  operation  of  multiple  factors  and 

^HemetVlTC!rS,lM  tant'ateS  this  hypothesis.  Some  of  the  earlv  studies 
atteniPted  to  divide  people  into  two  classes,  normal  and  feeble-minded 
and  explained  the  inheritance  of  feeble-mindedness  as  d  l  l  , 
recessive  gene.  We  know  now  that  the  inheritance  of  this  defeet  •  S  t’ 

more  complex,  and  that  such  reports  as  thoeoth  ‘‘Jukes”  and  3?? 
likaks”  are  not  valid  genetically.  and  Kal' 

Feeble-mindedness  mav  be  cansprl  bxr  ^ 

meningitis,  by  injuries  at  birth  or  bt  fb  SUch  aS  Syphilis  or 

the  majority  of  cases  are  due  to  hereditary"  factoSTnaddihon"^®  evh 
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dence  to  this  effect  from  family  histories,  studies  of  twins  have  shown 
that  in  fraternal  twins,  when  one  twin  is  feeble-minded,  the  other  one 
also  is  feeble-minded  in  about  25  per  cent  of  the  cases.  In  identical 
twins,  when  one  is  feeble-minded,  the  other  shares  the  trait  in  nearly 
every  case. 

Superior  mental  ability  also  tends  to  “run  in  families.”  Some  believe 
this  to  be  due  to  heredity;  others  believe  it  is  explained  by  better  fam¬ 
ily  environment  and  training.  The  environmental  theory,  however, 
would  not  account  for  the  notable  differences  in  intelligence  which 
occur  within  a  family.  Such  differences  can  be  explained,  on  the  genetic 
theory,  by  the  segregation  of  the  various  genes  concerned. 

Several  studies  have  resulted  in  the  following  conclusions,  indicating 
the  hereditary  basis  of  intelligence. 

(a)  Children  reared  together  in  an  orphanage  (environment  similar) 
show  just  as  wide  variability  in  intelligence  as  children  reared  in  their 
own  homes. 

( b )  Where  children  are  adopted  early  in  infancy,  there  is  a  much 
greater  correlation  between  the  intelligence  of  the  child  and  its  true 
parents  than  between  the  child  and  its  foster  parents. 

(c)  Identical  twins  are  much  more  similar  in  intelligence  than  fra¬ 
ternal  twins. 

( d )  Identical  twins  reared  apart  are  more  similar  in  intelligence  than 
fraternal  twins  reared  together. 

It  may  be  concluded,  therefore,  that  the  upper  limit  of  a  person’s 
mental  ability  is  determined  by  hereditary  factors.  But  how  fully  he 
develops  his  inherited  mental  abilities  is  determined  by  environmental 
influences — training  and  experience. 

It  is  easy  to  explain  why  the  offspring  of  intelligent  parents  are  some¬ 
times  less  intelligent  than  either  parent.  Since  the  coordinated  action  of 
many  pairs  of  genes  is  involved  in  intelligence,  the  fortuitous  combina¬ 
tion  of  factors  which  produced  the  intelligent  parents  may  segregate.  A 
new  combination  of  genes  may  be  set  up  in  the  offspring,  resulting  in 
lowered  mental  ability.  Conversely,  the  chance  recombinations  of  favor¬ 
able  factors  may  produce  a  brilliant  child  from  average  parents  (but 
geniuses  are  never  produced  by  feeble-minded  parents) . 

"  2.  Inheritance  of  Special  Abilities.  In  addition  to  general  mental  abil¬ 
ity,  certain  special  capacities,  such  as  musical,  artistic  a^nd  mechanical 
talents  have  a  hereditary  basis.  Inheritance  of  musical  ability  has  been 
investigated  more  thoroughly  than  the  others,  chiefly  because  it  can  be 
measured  more  accurately.  Philiptschenko  studied  the  mheritance  of 
this  trait  and  found  evidence  that  four  pairs  of  genes  are  involved.  Musi¬ 
cal  ability  is  a  complex  of  pitch  discrimination,  tone  memory,  and 
sense  of  rhythm,  melody  and  harmony  so  that  it  is  not  surP^mg 
its  inheritance  is  complex.  Special  abilities  are  a  least 
pendent  of  general  intelligence,  investigations  of  feeble-minded  per. 
showing  that  some  have  marked  musical  and  mechanical  talents. 

IV.  EUGENICS 

As  a  result  of  the  increasing  knowledge  of  human  inh*”*a"^’ 
proposals  for  the  scientific  improvement  of  man  s  hered  y 
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ina.de,  and  the  science  of  eugenics  is  now  well  established.  Eugenics  maj 
be  negative — consisting  simply  in  preventing  the  reproduction  of  people 
with  undesirable  hereditary  traits— or  positive— encouraging  reproduc¬ 
tion  of  those  with  superior  hereditary  characteristics.  There  can  be  no 
argument  about  the  undesirability  of  traits  such  as  feeble-mindedness, 
insanity  or  epilepsy,  and  the  more  appalling  physical  abnormalities  such 
as  acheiropodia,  in  which  the  arms  and  legs  are  short  stumps  devoid 
of  hands  and  feet. 

The  biggest  single  eugenic  problem  is  feeble-mindedness,  since  about 
5  per  cent  of  the  American  population  have  an  I.Q.  of  70  or  less.  These 
folk  contribute  little  or  nothing  to  society,  and  many  of  them  are  bur¬ 
dens  as  paupers,  criminals  or  inmates  of  institutions.  The  idiots  and 
imbeciles  usually  are  confined  and  unable  to  reproduce,  but  the  morons, 
who  constitute  the  majority  of  the  class,  ordinarily  are  not  institution¬ 
alized,  and  commonly  have  more  children  than  do  normal  people.  This  is 
truly  deplorable,  not  only  because  the  offspring  also  are  often  feeble¬ 
minded,  but  because  the  children’s  chances  of  receiving  proper  guidance 
and  understanding  are  negligible.  Then,  too,  the  financial  difficulties  result¬ 
ing  from  too  many  children  in  a  home  supported  by  a  moron — who 
usually  cannot  command  a  high  wage — bring  recurring  crises  which  the 
unfortunate  person  has  not  the  intelligence  to  face.  In  response,  he 
may  resort  to  theft  and  other  antisocial  acts  with  dire  consequences  to 
the  entire  family. 

Several  negative  methods  for  preventing  the  reproduction  of  the  men¬ 
tally  unfit  have  been  suggested.  Segregation  of  these  people  in  institu¬ 
tions  would  be  effective  but  unkind,  as  well  as  prohibitively  expensive. 
An  alternative,  sterilization,  consists  in  a  simple  operation  not  involving 
the  removal  of  any  organ,  but  simply  the  cutting  of  the  vas  deferens 
of  the  male  or  the  oviducts  of  the  female.  In  no  way  does  it  alter  the 
person’s  sexual  desires  or  experiences,  it  simply  prevents  his  becoming 
a  parent.  Although  twenty-seven  states  have  enacted  laws  providing  for 
the  sterilization  of  the  feeble-minded,  the  insane  or  both,  only  in  California 
has  the  program  been  carried  out  extensively.  There,  more  than  14,000 
people  have  been  sterilized.  A  survey  shows  that  the  results  are  satis¬ 
factory  both  to  the  people  sterilized  and  to  society.  Because  there  are 
no  children  to  be  supported  by  the  low  earnings  of  the  mentally  deficient 
coujdes  the  marriages  tend  to  be  more  permanent.  The  constitutionality 
of  sterilization  was  settled  by  the  Supreme  Court  decision  rendered  May 
2,  1927,  in  which  Justice  Oliver  Wendell  Holmes,  acting  in  Buck  versus 
Bell,  remarked,  “Three  generations  of  imbeciles  are  enough  ” 

Another  familiar  eugenic  method  is  contraception,  which  involves 
some  device,  mechanical  or  chemical,  for  preventing  the  sperm  from 

as  effective  as  sterilization,  bta/se  1st  if1  em  "  T 

careless  to  use  contraceptives  successfully.  dul1  or  to° 

the  prohibition  oTthTmaro^gerf  brolrsTndltt"'051 

The  effectiveness  of  negative  eugenics  in  ridding!  populltTon'oT' 
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desirable  traits  varies  with  the  method  of  inheritance  involved.  A  trait 
due  to  a  single,  dominant  gene  is  the  easiest  to  eliminate;  next  easiest 
to  wipe  out  is  one  inherited  by  a  single,  sex-linked,  recessive  gene;  next, 
one  determined  by  a  single,  recessive  gene.  The  most  difficult  to  elim¬ 
inate  are  those  due  to  the  interaction  of  several  pairs  of  genes. 

To  encourage  the  reproduction  of  people  with  genetically  desirable 
traits,  schemes  are  frequently  proposed  involving  bonuses  to  superior 
families  with  many  children,  family  and  educational  allotments,  and 
so  forth.  To  date,  they  have  been  impractical,  to  say  the  least.  The 
fact  is  that,  regardless  of  what  might  be  desirable,  the  number  of  chil¬ 
dren  a  couple  has  is  largely  determined  (barring  accidents)  by  their 
personal  philosophy  and  disposition,  which  are  not  likely  to  be  changed 
by  any  positive  eugenic  program,  even  of  the  bonus-granting  variety. 
Indeed,  except  for  those  cases  involving  serious  mental  or  physical 
handicaps  capable  of  rendering  any  possible  offspring  miserable  or  in¬ 
competent,  it  seems  somewhat  impertinent  to  even  suggest  a  course  of 
action  in  regard  to  this  matter.  For  on  the  human  level  it  is  first  and 
foremost  a  personal  problem,  and  only  secondarily  a  social  one. 


QUESTIONS 

1  "What  difficulties  are  inherent  in  the  study  of  human  inheritance? 

2  What  is  the  difference  between  “congenital”  and  “hereditary?” 

3.  Discuss  the  statement,  “If  a  certain  disease  is  shown  to  have  a  hereditary  basis,  medical 
research  on  that  disease  is  useless.” 

4.  Could  two  dark-haired  parents  have  a  red-haired  child?  If  so,  what  genotypes  must 

th5  PWhatS kinds  of  traits  are  easiest  to  eliminate  by  negative  eugenic  methods?  Why  are 

thC6y  for  the  sterilization  of  the  feeble-minded  or  the 

"IS7  "in  each  offfiV following  pedigrees,  determine  the  method  of  inheritance  of  the  trait, 
f  Dossible  fill  in  the  genotypes  of  each  individual.  Assume  that  any  individual 
“who  and  doe.,  noTexhibit  the  trait  does  act  carry  any  recess, ve  geae, 

for  it. 
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CHAPTER  26 


PRINCIPLES  AND  THEORIES 

OF  EVOLUTION 


CURIOSITY  concerning  the  origin  of  the  universe,  the  world,  and 
living  things  seems  to  be  a  universal  characteristic  of  human  intelli¬ 
gence,  and  in  all  societies,  from  the  most  primitive  and  isolated,  to  the 
great,  far-flung  civilizations,  men  have  devised  legends  to  appease  this 
longing  for  an  understanding  of  first  causes.  Of  these  traditional 
stories,  remarkably  alike  in  many  details,  the  Book  of  Genesis  was  the 
one  accepted  by  the  peoples  of  the  West  for  many  centuries,  so  that, 
until  less  than  a  century  ago,  most  Christians  believed  that  the  universe 
was  created  in  six  days  some  4000  years  before  Christ. 

Since  about  1860,  however,  it  has  become  increasingly  clear  that  the 
earth  is  much  older  than  was  supposed  and  that  it  is  impossible  to  date 
the  beginning  of  the  universe — if,  indeed,  it  had  a  beginning.  We  now 
know  that  about  two  or  two  and  a  half  billion  years  ago  this  planet 
came  into  being,  either  from  material  torn  from  the  sun  or  as  an  aggre¬ 
gation  of  dust  from  interstellar  space.  Some  time  later — perhaps  a  bil¬ 
lion  and  a  half  or  two  billion  years  ago — life  began  in  some  simple  form. 
All  organisms  living  today,  including  man,  descended  from  those  earliest 
bits  of  protoplasm  and  so  are  related  to  each  other. 

1.  Organic  Evolution.  In  a  broad  sense,  evolution  means  unfolding  or 
unrolling — a  gradual,  orderly  change  from  one  condition  to  another. 
Thus  many  things  besides  life  have  evolved:  the  planets  and  stars,  the 
earth  s  topography,  the  chemical  compounds  of  the  universe,  and  even 
the  chemical  elements,  made  up  of  electrons,  protons,  neutrons  and  other 

subatomic  particles.  Such  changes  are  sometimes  called  inorganic 
evolution. 


I  he  principle  of  organic  evolution,  which  is  simply  the  application  of 
this  concept  to  living  things,  states  that  all  the  various  plants  and  ani¬ 
mals  existing  at  the  present  time  have  descended  from  simpler  organisms 

afions^11^  motl,flcat,ons  wlllch  have  accumulated  in  successive  gener- 


It  is  important  to  realize  that  evolution  has  not  ceased,  but  is  occur¬ 
ring  more  rapidly  today  than  in  many  of  the  past  ages.  In  the  last  few 
hundred  thousand  years,  hundreds  of  species  of  animals  and  plants  have 
come  extinct  and  other  hundreds  have  arisen.  Although  the  process 
s  usually  too  gradual  to  be  observed  there  are  notable  i 

evolutionary  change  within  the  time  of  recorded  historv  p*pes  of 

early  in  the  fifteenth  century  a  litter  of  rabbt  wafrdea  ld  onTo^ 
Santo,  a  small  island  near  Madeira  fi  eased  on  I  orto 

and  no  carnivorous  enemies  on  the'  island,  thTrXbTts^ulUpUed^^th 
amazmg  speed  and  by  the  nineteenth  century  were  sUiSnSte 
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from  the  ancestral  European  stock.  They  were  only  half  as  large  as  their 
Euiopean  relatives,  had  a  different  color  pattern,  and  were  more  noc¬ 
turnal.  But  most  important  was  the  fact  that  they  could  not  breed  with 
members  of  the  European  species.  Within  four  hundred  years,  then,  a 
new  species  of  rabbit  had  developed. 

1  he  idea  that  the  present  forms  of  life  arose  from  earlier,  simpler  ones 
was  not  new  when  Darwin’s  The  Origin  of  Species  was  published  in 
1859.  Elements  of  the  theory  of  organic  evolution  are  to  be  found  in  the 
writings  of  the  early  Greek  philosophers,  Thales  (624-548  B.C.),  An¬ 
aximenes  (588—524  B.C.) ,  Empedocles  (495-435  B.C.)  and  Epicurus 
(341-270  B.C.)  .  Aristotle  (384-322  B.C.) ,  who  was  a  great  biologist  as 
well  as  a  philosopher,  worked  out  an  elaborate  theory  of  gradually  evolv¬ 
ing  life  forms,  according  to  the  metaphysical  belief  that  nature  strives 
to  change  from  the  simple  and  imperfect  to  the  more  complex  and  per¬ 
fect.  The  Roman  poet  Lucretius  (99-55  B.C.)  also  gave  an  evolutionary 
explanation  of  the  origin  of  plants  and  animals  in  his  poem  De  Rerum 
Natura.  Under  the  Church’s  domination  of  philosophy,  during  the  Dark 
and  Middle  Ages,  the  theory  was  not  developed,  but  with  the  Renais¬ 
sance,  interest  in  the  natural  sciences  revived,  and  from  the  fourteenth 
century  on  an  increasingly  large  number  of  people  found  the  concept 
of  organic  evolution  reasonable.  In  The  Origin  of  Species  Darwin  lists 
about  twenty  thinkers  who  had  considered  the  theory  seriously,  among 
them  his  own  grandfather,  Erasmus  Darwin  (1731-1802),  and  the 

Erench  scientist  Lamarck  (1744-1829). 

Long  before  the  Renaissance,  in  many  different  places,  men  had  dis¬ 
covered  odd  fragments  resembling  bones,  teeth  and  shells.  Some  of 
these  corresponded  to  parts  of  familiar,  living  animals,  but  others  were 
strangely  unlike  any  known  form.  An  especially  puzzling  factor  was  that 
many  of  the  objects  found  in  rocks  high  in  the  mountains  resembled 
parts  of  marine  animals.  Leonardo  da  Vinci,  in  the  fifteenth  century 
correctly  interpreted  these  curious  finds,  and  gradually  people  accepted 
his  explanation  that  they  were  the  remains  of  once-existing  animals  that 
had  become  extinct.  Such  evidence  of  former  life  suggested  the  theory 
of  catastrophism,  which  stated  that,  since  the  world  began,  a  number 
of  fires  and  floods  periodically  have  destroyed  all  living  things  and 
necessitated  the  repopulation  of  the  world  by  acts  of  speciai  creatmn 
In  the  eighteenth  century  three  English  scientists,  dissati* 
the  theory  of  catastrophism,  proposed  the  scientific  theory,  a ccep  e 
today  called  uniformitarianism.  James  Hutton,  in  1785,  developed  t 
roil  rent  that  the  geological  forces  at  work  in  the  past  were  the  same 
as  those  of  the  pfesenf.  He  arrived  at  this  conclusion  after  a  careful 
study  of  the  erosion  of  valleys  by  rivers,  and  the  formation  of  sedin 
tary  deposits  at  the  river  mouths.  He  demonstrated  that  such  process^, 
over  loner  periods  of  time,  could  account  for  the  formation  of  the 
bearing  rock  strata.  In  1802  John  Playfair’s  Illustrations  °f 

tonian  tlTidezof  uniformitarLism  in  geological 

explana  one  of  ,he  most  influential  geologists  of 

dfd much  in  wl Principle,  of  Geology  (1832) 
principle  of  uniformity.  By  demonstrating  the  validity  of  geologic 
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lution  he  proved  irrefutably  that  the  earth  is  much  older  than  a  few 
thousand  years,  old  enough  for  the  processes  of  organic  evolution  to 
have  occurred.  lie  was  a  close  personal  friend  of  Darwin’s,  with  great 
influence  on  his  thinking,  and  through  his  work  he  paved  the  way  for, 
and  made  possible  the  ideas  presented  in,  The  Origin  of  Species. 

2.  Jean  Baptiste  de  Lamarck.  Earliest  of  the  modern  theories  of 
organic  evolution  to  be  logically  developed  was  that  of  Jean  Baptiste 
de  Lamarck,  the  great  French  zoologist  whose  Philosophie  Zoologique 
was  published  in  1809.  Lamarck,  like  most  biologists  of  his  time,  was  a 
vitalist:  he  believed  that  organisms  are  guided  through  their  lives  by 
an  innate  and  mysterious  force  which  enables  them  to  overcome  handi¬ 
caps  in  the  environment.  He  believed  too  that  these  adaptations  once 
made  are  transmitted  from  generation  to  generation — that  is,  that  ac¬ 
quired  characteristics  are  inherited.  Developing  the  notion  that  new 
organs  arise  in  response  to  demands  of  the  environment,  he  went  on  to 
state  that  their  size  is  proportional  to  their  “use  or  disuse,”  and  that 
changes  in  size  also  pass  to  successive  generations.  To  illustrate  this, 
Lamarck  explained  the  evolution  of  the  giraffe’s  long  neck  by  suggest¬ 
ing  that  an  ancestor  took  to  browsing  on  the  leaves  of  trees,  instead  of 
on  grass,  and  in  reaching  up,  stretched  and  elongated  its  neck;  its  off¬ 
spring  then  supposedly  inherited  the  longer  neck. 

The  Lamarckian  theory  nicely  explains  the  complete  adaptation  of 
many  plants  and  animals  to  the  environment,  but  it  is  unacceptable 
because  overwhelming  genetic  evidence  indicates  that  acquired  charac¬ 
teristics  cannot  be  inherited.  Many  experiments  have  been  performed  in 
an  attempt  to  demonstrate  the  inheritance  of  acquired  traits,  but  all 
have  ended  in  failure.  From  what  we  now  know  about  the  mechanism  of 
heredity,  it  is  obvious  even  without  experimental  evidence,  that  acquired 
traits  cannot  be  inherited,  for  such  characteristics  are  in  the  body  cells 
only\whereas  an  inherited  trait  is  transmitted  by  the  gametes— the 
eggs  ar^l  sperm. 

3.  Background  for  The  Origin  of  Species.  Darwin’s  contribution  to 
the  body  of  scientific  knowledge  was  twofold:  he  presented  a  mass 
of  detailed  evidence  and  cogent  argument  to  prove  that  organic  evolu¬ 
tion  has  occurred,  and  he  devised  a  theory— that  of  natural  selection— 
to  explain  how  it  operates. 


Although  his  university  training  was  in  theology,  Darwin  was  ex¬ 
tremely  interested  in  both  biology  and  geology,  and,  while  at  Cambridge 
became  acquainted  with  Professor  Henslow,  the  naturalist.  Through 
him,  shortly  after  leaving  college,  Darwin  was  appointed  to  the  position 
of  naturalist  on  the  ship  Beagle,  which  was  to  make  a  five  vear  cruise 
around  the  world  so  that  oceanographic  charts  could  be  made  for  the 
British  navy  Darwin  studied  the  animals,  plants  and  geological  forma- 
t,OHS  of  the  East  and  West  coasts  of  South  America,  makinTextenTe 
collections  and  notes.  1  he  11  eagle  then  went  to  the  Galapagos  Islands 
nest  of  Ecuador,  where  Darwin  continued  his  observations  of  the  flora 
and  fauna,  comparing  them  to  the  ones  on  the  South  American  main 

special  cmaiiolT  "llich  M  to  reject  the  theory  of 

According  to  his  journal,  the  idea  of  natural  selection  occurred  to 
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Darwin  shortly  after  his  return  to  England  in  1833,  but  he  spent  the 
next  twenty  years  or  so  accumulating  the  vast  body  of  facts  which 
eventually  became  The  Origin  of  Species.  In  1858  he  received  a  manu¬ 
script  from  Alfred  Russell  Wallace,  a  young  naturalist  who  was  studying 
the  distribution  of  plants  and  animals  in  the  East  Indies  and  the  Malay 
Peninsula.  Wallace  set  forth  in  this  paper  the  idea  of  natural  selection, 
which  he  had  reached  independently,  stimulated,  as  Darwin  had  been, 
by  Malthus’  book  on  population  growth  and  pressure,  and  the  struggle 
for  existence.  By  mutual  agreement,  Darwin  and  Wallace  presented  a 
joint  paper  on  their  theory  at  the  meeting  of  the  Linnean  Society  in 
London  in  1858,  and  Darwin’s  monumental  work  was  published  the 
next  year. 

4.  The  Theory  of  Natural  Selection.  Darwin  s  explanation  for  the  way 

in  which  evolution  takes  place  can  be  summarized  as  follows: 

1.  Variation  is  characteristic  of  every  group  of  animals  and  plants, 
and  there  are  many  ways  in  which  organisms  differ.  (Darwin  did  not 
know  the  cause  of  variation,  and  assumed  it  was  one  of  the  innate 
properties  of  protoplasm.  We  now  know  that  variations  are  produced 
by  mutations.)* 

2.  More  organisms  of  each  kind  are  born  than  can  possibly  obtain 
food  and  survive.  Yet,  since,  the  number  of  each  species  remains  fairly 
constant  under  natural  conditions,  it  must  be  assumed  that  most  of 
the  offspring  in  each  generation  perish.  If  all  the  offspring  of  any  species 
remained  alive  and  reproduced,  the  earth  would  soon  be  filled  with 
nothing  but  that  species. 

3!  Since  more  individuals  are  born  than  can  survive,  there  is  a  struggle 
for  survival,  a  competition  for  food  and  spacey  This  contest  may  be 
active — an  eat-or-be-eaten  sort  of  business — or  passive — a  not  imme¬ 
diately  apparent  process,  such  as  the  struggle  of  plants  to  survive 


Irought  or  cold. 

4.  Of  the  many  variations  exhibited  by  living  things,  some^make  it 
?asier  to  survive*  in  the  struggle  for  existence,  while  others  cause  their 
owners  to  be  eliminated.  This  idea  of  “the  survival  of  the  fittest  is  the 

:ore  of  natural  selection.  . 

5.  The  surviving  individuals  will  give  rise  to  the  next  generation,  and 

in  this  way  the  “successful”  variations  are  transmitted  to  the  next  gen¬ 
eration,  and  the  next.  .  ...  ,  .  *  . 

By  this  process  each  successive  generation  becomes  better  adapted  to 

its  environment,  and  with  the  changing  environment,  further  adapta¬ 
tions  follow.  As  natural  selection  continues  to  operate  over  many  years, 
later  dependents  may  be  quite  different  from  their  ancestors  different 
enough  to  be  a  separate  species.  Furthermore  certain  members  of  a 
population  with  one  group  of  variations  may  become  adapter I  to  en¬ 
vironmental  changes  in  one  way  while  other  "mm^with a  different 
set  of  variations,  may  become  adapted  in  a  different  way.  so  that 
nr  more  species  may  arise  from  a  single  ancestral  species. 

Animals  and  plants  exhibit  manv  bye  natural 

T  rnT' but  of  course  will  be  transmitted  to  succeeding  generations. 
"Cvln-s  theori  ornatural  selection  was  so  reasonable  and  well  sup- 
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ported  that  most  biologists  soon  accepted  it.  But  along  with  its  great 
success  it  encountered  certain  criticisms,  most  of  which  were  satisfac¬ 
torily  answered  when  more  about  the  hereditary  mechanism  was  dis¬ 
covered.  One  of  the  early  objections  was  that  the  theory  did  not  explain 
the  appearance  of  many  apparently  useless  structures  in  an  oiganism. 
It  is  now  known  that  many  of  the  visible  differences  between  species 
not  important  for  survival,  but  are  simply  incidental  effects  of 

.1.1  •  •  *1  1  _ 1 ’  1  ^  1  /-v  f  rcttnn  f  C111M7M70  1  A7olllP 
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genes  that  have  invisible,  physiological  effects  of  great  survival  value. 
Sometimes  the  visible  differences  are  due  to  genes  closely  linked  in  the 
chromosome  to  other  genes  controlling  characteristics  important  for 
survival. 

Another  objection  was  that  new  variations  would  be  lost  by  “dilution” 
as  the  individuals  showing  them  bred  with  others  without  them.  We  now 
know  that  genes  are  not  “diluted”  or  altered*  when  combined  with 
others,  but  emerge  unchanged  in  succeeding  generations. 

5.  Modern  Changes  in  the  Theory  of  Natural  Selection.  Rediscovery 
of  Mendel’s  laws  in  1900  made  necessary  two  significant  corrections  of 
Darwin’s  theory  of  natural  selection.  The  first  of  these  states  that  only 
inherited  variations  can  provide  the  raw  material  for  natural  selection. 
The  second  states  that  there  must  be  geographic  or  genetic  isolation 
of  incipient  species  to  prevent  interbreeding. 

Modifications  and  Mutations.  Darwin  did  not  recognize  that  the  varia¬ 
tions  of  living  things  have  their  roots  in  one  of  two  sources:  some  (phy¬ 
sical  or  chemical)  action  of  the  environment  on  the  developing  embryo, 
or  some  alteration  of  the  hereditary  materials — the  genes  or  chromo¬ 
somes.  Variations  resulting  from  the  first  of  these  two  situations — called 
modifications — are  not  inheritable  and  are  not  significant  for  evolution, 
but  variations  arising  from  changes  in  the  genes  or  chromosomes— called 
mutations — are  the  raw  materials  for  evolution  by  natural  selection. 
Obviously,  then,  evolution  cannot  take  place  without  mutations,  and 
although  natural  selection  does  not  create  new  characteristics,  it  plays 
an  important  part  in  determining  which  ol  them  shall  survive 

Isolation.  Darwin  realized  that  for  a  new  species  to  come  into  exis¬ 
tence  a  group  of  individuals  must  be  differentiated  from  others  of  their 
kind  by  the  accumulation  of  new  characteristics,  but  just  as  he  did  not 
understand  the  significance  of  heredity  in  the  process,  so  he  overlooked 
another  important  factor— Isolation.  It  is  now  well  established  that  for 
a  group  to  become  differentiated,  the  organisms  must  first  be  prevented 
from  breeding  with  their  relatives  and  so  passing  on  to  them  whatever 

new  genes  may  have  appeared.  The  only  way  to  prevent  interbreeding 
is  by  some  form  of  isolation.  ° 

Perhaps  the  most  common  type  of  isolation  is  geographic  whereby 
groups  of  related  organisms  become  separated  by  some  physical  barrier 

Th.  af.a.*ea’i  mountain>  defrt'  g'aeicr  or  river.  In  mountainous  regions 
individual  ranges  provide  effective  barriers  between  the  valleys%nd 
there  are  usually  more  different  species  for  a  given  area  than  on  tl 

and'snl1'1  lhC  Tf"  °f  'vestern  United  States  twenty-three  species 
and  subspecies  of  rabbits  are  known,  while  in  the  larger  plains  area  of  the 

the  -phenotypic  expression  of  a  gene  mav  bp  nlt«ro,i  .  . 

others,  but  the  fundamental  nature  of  the  gene  itself  is  not  cringed.  “  “  COmbination  with 
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Midwest  and  East  there  are  only  eight  species.  Valleys  only  a  short  dis¬ 
tance  apart,  but  separated  by  ridges  perpetually  covered  with  snow,  have 
species  of  plants  and  animals  peculiar  to  them.  One  of  the  most  striking 
examples  of  geographic  isolation  is  provided  by  the  area  divided  by  the 
Isthmus  of  Panama.  On  either  side  of  the  Isthmus,  in  general,  the  phyla 
and  classes  of  marine  invertebrates  are  made  up  of  different,  but  closely 
related  species — a  situation  brought  about  by  the  fact  that  for  some 
16,000,000  years,  during  the  Tertiary  period,  there  was  no  connection 
between  North  and  South  America.  This  made  it  possible  for  animals 
to  migrate  freely  between  what  is  now  the  Gulf  of  Mexico  and  the 
Pacific  Ocean.  With  the  emergence  of  the  Isthmus  of  Panama  the 
closely  related  groups  of  animals  were  isolated,  and  the  differences 
between  the  two  fauna  today  represent  the  accumulation  of  hereditary 
differences. 

Geographic  isolation  is  usually  not  permanent;  hence  two  previously 
isolated  groups  may  come  into  contact  again  and  interbreed  unless 
genetic  isolation  or  sterility  has  arisen  in  the  meantime.  The  various 
races  of  man  are  the  result  of  isolation  and  the  accumulation  of  chance 
mutations,  but  since  interracial  sterility  has  not  developed,  the  differ¬ 
ences  begin  to  disappear  rapidly  when  geographic  isolation  breaks  down. 
That  they  do  not  disappear  even  more  quickly  and  completely  is  due 
largely  to  social  taboos  against  intermarriage — itself  a  form  of  isolation. 

Because  genetic  sterility  is  due  to  one  or  more  mutations  occurring  by 
chance,  independently  of  other  mutations,  it  may  arise  only  after  long 
geographic  isolation  has  produced  marked  differences  between  two 
groups  of  organisms,  or  it  may  arise  within  a  single,  otherwise  homo¬ 
geneous  group.  Such  a  mutation  occurred  in  a  species  of  fruit  fly,  Droso¬ 
phila  pseudoobscura,  producing  two  groups  of  flies,  externally  indis¬ 
tinguishable,  yet  completely  sterile  when  mated  with  each  other.  The 
two  groups  are  isolated  as  effectively  as  if  they  lived  on  different  con¬ 
tinents,  and  as  generations  pass  and  different  mutations  accumulate 
by  chance  and  selection,  undoubtedly  they  will  become  visibly  different. 
Biologists  usually  do  not  consider  two  closely  related  but  different  groups 
of  organsims  to  be  different  species  unless  this  genetic  isolation  has 

a  Another  type  of  isolation,  called  ecological,  depends  upon  the  fact  that 
two  groups  of  animals  living  in  the  same  geographical  area  may  occupy 
different  “niches”  or  habitats.  Marine  animals  living  only  in  the  inter¬ 
tidal  zone  are  effectively  isolated  from  others  living  only  a  few  feet 
away  below  the  low-tide  mark.  Or  ecological  isolation  may  be  due  to 
the  fact  that  two  groups  breed  at  different  times  of  the  year. 

Darwin  originally  assumed  that  in  any  group  the  var.at.on  of  a  par¬ 
ticular  character  would  continue,  so  that  natural  select.on  would  operate 

further  thaf  natural  selection  operates  upon  the  or- 

a  Vhole  rath-  than  on  individual  traits.  Thus  a  g.ven  form 


ganism  as 
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may  survive  despite  obviously  disadvantageous  characters,  while  another 
may  be  eliminated  despite  traits  extremely  advantageous  for  getting 
along  in  life.  The  animals  and  plants  that  win  the  struggle  for  existence 
are  usually  not  perfectly  adapted  to  their  environment,  but  have  quali¬ 
ties  the  sum  total  of  which  renders  them  a  little  better  able  to  survive 
and  reproduce  than  are  their  competitors.  But  since  the  environment 
itself  changes  from  time  to  time,  a  characteristic  of  adaptive  value  at 
one  period  may  be  useless  or  even  detrimental  at  another. 

Chance,  as  well  as  natural  selection,  plays  a  part  in  determining 
whether  a  new  trait  will  be  passed  from  the  single  individual  having  it 
to  the  members  of  the  group  as  a  whole.  For  during  the  process  of 
meiosis  the  gene  responsible  for  the  character  may  or  may  not  be  in¬ 
cluded  in  the  gametes;  and  even  if  it  is  included,  a  series  of  unlucky 
accidents  may  eliminate  the  few,  early  organisms  having  it,  so  that 
in  spite  of  high  survival  value  it  disappears. 

6.  Preadaptation.  One  of  the  recent  modifications  of  the  theory  of 
natural  selection,  which  answers  a  number  of  the  objections  leveled 
against  the  original  theory  and  accounts  for  the  evolution  of  such  things 
as  vestigial  organs,  is  the  theory  of  preadaptation.  Because  mutations 
occur  at  random,  some  result  in  characteristics  either  unimportant  or 
disadvantageous  to  the  organism  in  its  usual  environment.  If,  however, 
the  environment  changes  or  the  organism  migrates  to  a  new  location, 
these  same  traits  may  be  of  marked  value  for  survival.  That  is,  an  animal 
or  plant  may  be  adapted  to  an  environment  before  being  exposed  to 
it.  Suppose  that  a  mutation  in  a  fish  occurs  causing  both  eyes  to  be  on 
one  side  of  the  skull.  Obviously,  if  the  fish  continues  its  old  habits,  such 
a  formation  will  be  a  handicap.  But  if  the  animal  takes  to  lying  on  its 
side  on  the  bottom  of  the  sea  and  grubbing  in  the  mud  for  food,  the 
new  arrangement  will  be  advantageous.  This  mutation  actually  has 
occurred  in  the  flounder. 


Preadaptation  reasonably  explains  such  occurrences  as  the  evolution 
of  land  forms.  For  example,  in  a  species  of  fish  inhabiting  a  lake  or  river 
of  the  Devonian  period,  some  350.000.000  years  ago,  mutations  mav 
have  occurred  for  the  formation  of  primitive  lungs  and  for  changing  the 
fan-shaped  fins  to  sturdier,  limb-like  fins  with  a  fleshy  lobe  at  the  base. 
Such  changes  would  have  had  no  survival  value  for  the  fish  and  might 
lave  been  de  eterious— by  forcing  it  to  swim  more  slowly— as  long  as  it 
ived  in  a  lake  or  stream.  But  the  Devonian  age  was  one  of  violent 
climatic  changes,  in  which  seasons  of  drought  alternated  with  seasons 
of  ram.  As  the  streams  dried  up.  the  water  became  stagnant  and  lacked 
sufficient  dissolved  oxygen  for  gills  to  function  in  respiration  An  animal 
W,  h  lungs,  however  could  come  to  the  surface,  take  a  gulp  of  a“ 
obtain  oxygen  by  diffusion  across  the  membrane  lining  the  lungs  Then 
when  the  pond  or  stream  dried  up  completelv  lie  could  „  ‘ Tg  .  ,  ' 

lobe-shaped  fins  to  walk  across  theTtervening  lan  f  to 
stream  By  some  such  process  the  evolutionary  conquest  oHhe0!  d" 

probably  occurred.  Certainly  the  first  animals  to  venture  out  of  the  wat 
onto  land  were  not  seeking  mV  r™  J  ;  urL  0111  ot  the  water 

could  get  air  by  coming  had  J™g.  and 

they  were  among  the  largest  animals  aiive  at  the  timl  sTn^tCy  a^  olht 
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fish,  and  the  only  food  on  land  was  insects  and  plants,  it  can  hardly  be 
supposed  that  they  were  seeking  food.  Paradoxically,  the  first  animals  to 
come  out  on  land  were  probably  looking  for  water,  their  own  pond  having 
just  dried  up. 

7.  Mutation  Theory  of  de  Vries.  The  Dutch  botanist  Hugo  de  Vries, 
one  of  the  three  rediscoverers  of  Mendel’s  laws,  was  the  first  to  empha¬ 
size  the  importance  in  evolution  of  sudden,  large  changes  rather  than 
the  gradual  accumulation  of  many  small  changes  postulated  by  Darwin. 
De  Vries  experimented  with  a  number  of  plants,  especially  the  evening 
primrose,  which  grew  wild  in  Holland.  When  he  transplanted  these 
plants  into  his  garden  and  bred  them,  he  found  that  many  unusual 
forms,  differing  markedly  from  the  original  wild  plant,  appeared  and 
bred  true  thereafter.  For  these  sudden  changes  in  the  characters  of  an 
organism  (which  had  been  called  “sports”  by  earlier  breeders)  he  coined 
the  name  “mutation.”  Darwin  had  referred  to  a  number  of  such  changes, 
but  believed  that  they  occurred  too  rarely  to  be  important  in  evolution, 
and  that  they  might  upset  the  harmonious  relations  between  the  various 
parts  of  the  organism,  and  its  adaptation  to  the  environment.  Countless 
breeding  experiments  on  all  kinds  of  plants  and  animals  since  1900  have 
shown  that  such  mutations  occur  constantly  and  that  their  effects  are 
often  not  lethal.  With  the  development  of  the  theory  that  the  hereditary 
materials  are  the  genes,  located  in  the  chromosomes,  the  term  muta¬ 
tion”  has  come  to  refer  to  sudden,  discontinuous,  random  changes  in 
the  genes  and  chromosomes,  although  it  is  still  used  to  some  extent 

to  refer  to  the  new  type  of  plant  or  animal. 

In  the  plants  and  animals  most  widely  used  in  breeding  experiments— 
corn  and  fruit  flies— some  400  and  600  mutations,  respectively,  have 
occurred  within  the  past  forty  years.  The  fruit  fly  mutations  are  tre¬ 
mendously  varied,  including  all  shades  of  body  color  from  yellow  through 
brown  and  gray  to  black;  red,  white,  brown  or  purple  eyes;  peculiarly 
shaped  wings  (crumpled,  curled  or  shortened)  and  a  complete  absence 
If  wings;  oddly  shaped  legs  and  bristles;  and  such  estraord, nary  arrange- 
ments  as  a  pair  of  legs  growing  from  the  forehead  in  place  of  th 
antennae  (Fig.  214) .  Among  domestic  animals,  mutations  are  no  less 
common;  the  six-toed  cats  of  Cape  Cod  and  the  short-legged  breed 
of  Ancon  sheep  are  two  of  many  examples  of  the  persistence  of  a 

He  mutatiom  Short  legs  were  useful  to  the  " ^^Ild  fm 
the  sheep  from  leaping  over  fences;  hence  the  trait  was  selected 

'n  Early 'hf  the  present  century  a  heated  discussion  arose  as  to  whether 
evolution  is  due  to  natural  selection  or  to  Thse,^ction  can 

was  learned  about  heredity,  it  became  m  other  wor(Js> 

operate  only  when  there  is  som  £  •  0  the  environ- 

when  mutations  present  alternate  ways  .  j  both  mutation  and 
ment.  The  evolution  of  new  species,  then,  in\oi 

natural  selection.  ,  .  ..  .  nrPcPnt  dav  between  the 

A  similar  argument  has  continued  to  the  present  day  ^  j 

Neo-Darwinists,  who  believe  that  new  sf*e  up  wh'0  believe  that 

accumulation  of  small  mutations,  an  »  macromutation  or  major 

new  species  and  genera  arise  m  one  step  Py  a  ma 
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change  in  the  genetic  system.  Such  a  macromutation,  by  producing  a 
major  change  early  in  embryological  development,  is  believed  by  the 
latter  group  to  result  in  an  adult  form  vastly  different  from  its  parents 
_ the  new  species  or  genus.  Many  major  changes  result  only  in  mon- 
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p.  91 .  c  —  miniature  scute  crossveinless  cut 

21  vEM  wfnand  friStlLmUtantS  in  the  fruit  fly’  Drosophila  melanogaster.  (Drawn 
by  E.  M.  Wallace;  from  Sturtevant  and  Beadle:  An  Introduction  to  Genetics.) 


vronment.  Snch  actuation,  he  thinks,  is  responsible  for thTevZtion 
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ot  the  extinct  ancestral  bird,  Archaeopteryx ,  into  the  modern  bird.  The 
Archaeopteryx  had  a  long,  reptile-like  (though  feathered)  tail;  if,  by 
a  single  mutation,  that  tail  was  greatly  shortened,  a  ‘'hopeful  monster” 
with  the  fan-shaped  arrangement  of  feathers  might  well  have  been  the 
result.  The  new  tail,  then,  which  was  better  suited  for  flying  than  the 
old,  long  one,  might  have  been  selected  for  untii,  today,  all  birds  have 
tan-shaped  tails.  There  is,  of  course,  no  proof  that  this  is  how  our  pres¬ 
ent-day  birds  evolved,  but  there  is  much  evidence  that  similar  large 
skeletal  changes  do  occur  as  the  result  of  a  single  mutation.  The  Manx 
cat,  for  example,  owes  its  stubby  tail  to  a  mutation  in  some  ancestor, 
which  caused  the  shortening  and  fusing  of  the  tail  vertebrae.  Gold¬ 
schmidt  does  not  deny  the  accumulation  of  small  mutations,  but  holds 
that  they  can  lead  only  to  varieties  or  geographic  races  and  not  to 
species,  genera  and  the  higher  taxonomic  divisions. 

8.  Types  of  Mutations:  Gene  Mutations.  There  are  two  types  of  muta¬ 
tion;  one  of  them,  gene  mutation,  involves  changes  in  the  chemical  or 
physical  constitution  of  a  chromosome  at  some  particular  point  where 
a  certain  gene  is  located.  Although  the  chemical  nature  of  genes  is 
unknown,  they  are  believed  to  be  large  molecules  of  protein  or  nucleo- 
protein.  Hence  gene  mutations  are  thought  to  be  changes  in  the  arrange¬ 
ment  of  the  atoms  constituting  this  molecule,  which  alter  its  chemical 
activities  and  bring  about  a  new  phenotypic  expression  of  the  gene.  This 
type  of  mutation  is  accompanied  by  no  change  in  the  chromosome  vis¬ 


ible  under  the  microscope. 

Chromosome  Mutations.  The  second  kind  of  change,  chromosome  mu¬ 
tation,  involves  alterations  in  the  number  of  chromosomes  or  in  the 
visible  structure  of  some  chromosome.  There  may  be  an  addition  or 
subtraction  of  a  single  chromosome  from  the  usual  diploid  set,  or  there 
may  be  a  doubling  or  tripling  of  the  entire  set,  producing  organisms 
called  polyploids,  which  are  usually  larger  and  more  robust  than  their 
parents.  Such  changes  in  chromosome  number  are  more  frequent  in 
plants  than  in  animals,  because,  owing  to  the  nature  of  the  reproductive 
process  in  plants,  there  is  a  greater  chance  of  their  being  passed  from 
one  generation  to  the  next.  Some  of  the  cultivated  varieties  of  tomatoes, 
corn  and  other  plants  owe  their  vigor  and  the  large  size  of  their  fruit  to 
the  fact  that  they  are  polyploids. 

Changes  which  may  occur  in  the  visible  structure  of  a  chromosome 
are  the  deletion  of  a  small  part,  doubling  of  a  small  part  and  the  invert 
ing  (turning  end  for  end)  of  a  small  or  large  section.  Sometimes  there 
is  an  interchange  of  segments,  called  a  translocation,  between  two  dif¬ 
ferent  chromosomes.  Each  of  these  changes  may  produce  phenotypic 
changes  and  may  be  inherited  in  a  mendelian  fashion  In  fact,  many 
^previously  thought  to  be  inherited  by  true  genes  have  been  found 
o  arise  from  chromosome  mutations.  This  has  led  some  gene  icis  to 
\  J  thnt  there  are  no  genes  in  the  sense  of  individual  structures 
C°nthe  chromosome,  but  that  the  factors  called  genes  are  really  chromo- 
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^spec^nZti"  of  mutant  phenotypes  in  nature.  Different 
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species  vary  widely  in  the  rate  at  which  mutations  occur  spontaneously; 
furthermore,  there  appear  to  be  genes  which  govern  the  rate  at  which 
other  genes  mutate.  With  the  aid  of  certain  genetic  techniques  an  estimate 
can  be  made  of  the  frequency  of  mutations  in  a  population.  It  is  es¬ 
timated  that  there  is  one  new  mutation  in  every  150  fruit  flies,  and 
that  in  some  plants  as  many  as  5  to  10  per  cent  of  the  offspring  have  a 
new  mutation  of  at  least  one  gene.  These  mutations  are  not  simply 
laboratory  freaks,  as  some  investigators  have  claimed,  for  when  wild 
populations  of  animals,  such  as  the  fruit  fly,  are  analyzed  genetically, 
they  are  found  to  have  many  mutant  genes. 

10.  Causes  of  Mutations.  The  causes  of  natural  or  spontaneous  muta¬ 
tions  .ire  unknown,  although  both  gene  and  chromosome  mutations  can 
be  produced  artificially  by  a  variety  of  agents:  x-rays;  the  alpha,  beta 
and  gamma  rays  emitted  by  radioactive  elements;  neutrons,  heat  and 
cold;  ultraviolet  rays;  chemicals,  such  as  the  war  gas  known  as  nitrogen 
mustard;  and,  in  plants,  the  aging  of  seed.  Cosmic  and  other  rays  present 
in  the  environment  may  cause  some  natural  mutations.  But  since  the 
genes  are  believed  to  be  complex,  unstable  molecules,  it  is  possible  that 
metabolic  processes  in  the  cell  bring  about  some  spontaneous  mutations, 
without  the  intervention  of  external  agents. 

Whatever  their  cause,  the  role  of  mutations  as  the  raw  material  for 
natural  selection  and  evolution  is  now  universally  recognized.  It  was  for¬ 
merly  argued  that  the  mutations  observed  in  the  laboratory  have  no¬ 
thing  to  do  with  evolution,  because  (1)  almost  all  are  detrimental,  and 
(2)  the  differences  between  species  are  usually  slight  variations,  affect¬ 
ing  many  different  parts  of  the  organism  and  inherited  by  means  of 


multiple  factors,  whereas  the  mutations  observed  in  the  laboratorv  are 


usually  large  variations,  involving  a  single  organ  and  inherited  by  single 
gene  differences.  The  answer  to  the  first  objection  is  that  in  wild  popula¬ 
tions  as  in  the  laboratory  stocks,  mutations  at  the  present  time  are 
usually  detrimental.  The  animals  and  nlants  living  tndnv  iU 


the  laboratory,  but,  being  difficult  to  detect 


,  were  missed  in  some 


of  the  earlier  work.  Indeed,  we 


we  now  know  that  the  rate  of  such  muta- 
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forms  are  intermediate  in  these  characters  and  can  be  assembled  in  a 
graded  series. 

Superficially  similar  to  straight-line  evolution,  and  sometimes  given 
the  same  label,  is  a  process  involving  the  overdevelopment  of  a  particular 
characteristic.  Thus,  in  some  species,  certain  organs  have  developed  so 
far  beyond  the  point  of  usefulness  as  to  lead  to  the  extinction  of  the 
group.  An  illustration  of  this  is  the  evolution  of  antlers  in  the  now 
extinct  Irish  deer.  With  each  generation  the  antlers  became  larger,  and 
although  at  first  this  was  helpful,  the  organs  eventually  became  so  huge 
— with  a  spread  of  11  feet — that  the  deer  could  not  support  them.  An¬ 
other  example  is  the  Jefferson  mammoth,  with  tusks  which  ultimately 
measured  8  feet  in  length  and  weighed  more  than  1000  pounds  apiece. 


Eohippus  Mesohippus  Merychippus 
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Fig.  215.  The  evolution  of  the  horse.  (Hunter  and  Hunter:  College  Zoology.) 

Some  present-day  animals,  too,  have  overdeveloped  P^s;  the  tremen¬ 
dous  horns  of  the  “big-horn”  sheep  and  the  long,  curved  tusks 
boars  are  too  large  to  be  useful  to  the  animals. 

To  explain  both  overdevelopment  and  straight-line  evolution,  many 

investigators,  especially  paleontologists,  proposed  a  f^dency 

As  more  has  been  learned 

S  litht  the6  framework  ‘of  ^ 

though,  by  random  mutation,  many  unharmonious  patterns 

in « ot  no  par- 
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ticular  value  for  survival  and  remain  or  are  eliminated  by  chance.  The 
ones  most  likely  to  survive  are  those  which  modify  additionally  some 
peculiar,  adaptive  structure  the  organism  already  has.  Thus  straight- 
line  evolutionary  series  are  the  result  of  random  mutation  and  selection 
taking  place  along  one  of  the  few  possible  lines  of  development.  It  now 
seems  evident,  too,  why  certain  structures  become  too  large  and  result 
in  the  extinction  of  the  species.  For  we  know  that  genes  do  not  function 
independently,  but  must  operate  against  the  background  of  many  other 
genes.  Those  controlling  larger  tusks,  for  instance,  function  by  causing 
the  tusks  to  be  proportionately  larger  than  the  rest  of  the  body,  so  that 
if  other  genes  cause  the  entire  body  size  to  increase,  the  tusks  may 
become  so  large  as  to  be  unmanageable  and,  eventually,  lethal  to  the 
animals  possessing  them. 

12.  The  Origin  of  Species  by  Hybridization.  A  simpler  and  less 
spectacular  way  than  mutation  and  natural  selection  by  which  species 
originate  is  through  simple  hybridization  or  the  crossing  of  two  different 
varieties  or  species.*  Through  such  a  mating  the  best  characters  of  each 
of  the  original  species  may  be  combined  into  a  single  form,  thereby 
creating  a  new  type  better  able  to  survive  than  either  of  its  parents. 
Animal  and  plant  breeders  routinely  use  this  method  of  obtaining  new 
combinations  of  desirable  characters. 

When  different  species  are  crossed — ones  with  different  chromosome 
numbers,  for  example — the  offspring  are  usually  sterile,  for  since  the 
unlike  chromosomes  cannot  pair  properly  in  the  process  of  meiosis,  the 
resulting  eggs  and  sperm  do  not  receive  the  right  assortment  of  chrom¬ 
osomes.  But  if,  in  such  interspecific  hybrids,  a  chromosome  mutation 
results  in  the  doubling  of  the  chromosome  number,  meiosis  can  occur 
normally,  normal,  fertile  eggs  and  sperm  are  produced,  and  the  new 
hybrid  type  breeds  true  thereafter.  Many  related  species  of  higher 
plants  have  chromosome  numbers  which  are  multiples  of  some  basic 
number:  there  are  species  of  wheat  with  fourteen,  twenty-eight  and 
forty-two  chromosomes,  species  of  roses  with  fourteen,  twenty-eight, 
forty-two  and  fifty-six  chromosomes,  and  species  of  violets  with  every 
multiple  of  six  from  twelve  to  fifty-four. 

Evidence  that  such  natural  series  probably  arose  by  hybridization 
and  chromosome  doubling  is  supplied  by  laboratory  experiments  which 
have  resulted  in  many  similar  series.  One  of  the  most  famous  of  these 
experimental  crosses  is  that  made  by  Karpechenko,  who  crossed  the 
radish  with  the  cabbage,  hoping  perhaps  to  get  a  plant  with  a  cab- 
aige  top  and  a  radish  root.  Although  radishes  and  cabbages  belong  to 
. '  ,genfra:  10 ',h  have  eighteen  chromosomes,  and  the  resulting 
lybrid  also  had  eighteen  chromosomes— nine  from  its  radish  parent 
and  nine  from  its  cabbage  parent.  But  since  the  radish  and  cabbage 
chromosomes  were  unlike,  they  could  not  pair  in  meiosis.  and  the  hybrid 
,  nlmost  completely  sterile.  By  chance,  however,  a  few  of  the  eggs 
and  sperm  formed  contained  all  eighteen  chromosomes,  and  a  matfng 
ictween  two  of  these  resulted  in  a  plant  with  thirty-six  chromosome* 

Bu^ccalt^  *"«■»  species  are  not  interfertile. 

definition  of  “species-  difficult.  A  variety  is  a  race  wftWn  0^8  makeS  *  hard-andfasl 


480 


Evolution  and  Adaptation 


1  his  new  plant  was  fertile,  for  in  meiosis  the  radish  chromosomes  paired 
and  the  cabbage  ones  paired;  it  exhibited  some  of  the  characteristics 
of  each  of  its  parents  and  bred  true  for  them.  Unfortunatey,  it  had  a 
radish-like  top  and  a  cabbage-like  root.  Since  it  could  not  be  crossed 
readily  with  either  of  its  parent  species,  it  was  in  effect  a  new  species, 
produced  by  hybridization  and  the  doubling  of  the  chromosome  number. 

An  interesting  example  of  a  similar  occurrence  in  nature  is  provided 
by  a  species  of  marsh  grass,  Spartina  townsendi.  This  type  of  grass  first 
appeared  about  a  hundred  years  ago  in  the  harbor  at  Southampton, 
England,  in  company  with  two  other  species,  S.  stricta  and  S.  alterni- 
flora.  The  new  species,  much  more  vigorous  than  either  of  the  others, 
was  soon  widespread,  and  since  it  was  especially  valuable  in  collecting 
and  holding  soil,  was  transplanted  to  the  Dutch  dikes  and  other  parts 
of  the  world.  Because  it  was  intermediate  in  many  characteristics  be¬ 
tween  the  two  species  with  which  it  was  first  found,  it  was  believed  to 
have  originated  as  a  hybrid.  This  was  confirmed  by  an  examination  of 
the  chromosome  numbers  which  showed  S.  townsendi  to  have  126  chrom¬ 
osomes,  S.  stricta,  fifty-six,  and  S.  alterniflora,  seventy.  There  is  no  doubt 
that  the  new  species  arose  by  hybridization  and  chromosome  doubling. 

13.  Principles  of  Evolution.  There  is  a  great  difference  of  opinion 
among  investigators  as  to  the  nature  of  mutations,  the  kind  of  mutations 
involved  in  evolution,  and  the  degree  to  which  such  factors  as  natural 
selection,  isolation,  genetic  recombination,  hybridization  and  the  size 
of  the  breeding  population  affect  the  evolution  of  some  particular  or¬ 
ganism,  but  there  are  several  fundamental  facts  about  which  they  are 
agreed.  Let  us  review  briefly  what  is  actually  known  about  how  evolu¬ 
tion  operates.  To  begin  with,  we  found  that  the  basis  of  evolution  is 
the  changes  within  the  genes  and  chromosomes,  that  some  sort  of  isola¬ 
tion  is  necessary  for  the  setting  up  of  new  species,  and  that  natural 
selection  is  involved  in  the  survival  of  some,  but  not  all,  of  the  mutations 
which  occur.  In  addition,  there  are  four  principles  of  evolution  to  which 


nearly  all  scientists  subscribe: 

1.  Evolution  occurs  more  rapidly  at  some  times  than  at  others.  At 
the  present  time  it  is  occurring  rapidly,  with  many  new  forms  appearing 

and  many  old  ones  becoming  extinct. 

2.  Evolution  does  not  proceed  at  the  same  rate  among  different  types 
of  organisms.  At  one  extreme  are  the  lampshells  or  Brachiopods,  some 
species  of  which  have  been  exactly  the  same  for  the  last  500,000,000 
years  at  least,  for  fossil  shells  found  in  rocks  deposited  at  that  time  are 
identical  with  those  of  animals  living  today.  In  contrast,  severa  species 
of  man  have  appeared  and  become  extinct  in  the  past  few  hundred 
thousand  years.  In  general,  evolution  occurs  rapidly  when  a  new  sPe^^ 
first  appears,  and  then  gradually  slows  down  as  the  group  becomes 

eS3abNewdspecies  do  not  evolve  from  the  most  advanced  and  sp ecialized 
forms  already  living,  but  from  relatively  simple,  unspecialized  forms. 
Thus  the  mammals  did  not  evolve  from  the  large,  specialized  dinosaurs, 
but  from  a  group  of  small,  unspecialized  reptiles. 

4.  Evolution  is  not  always  from  the  simple  to  the  comPle^^e  has 
many  examples  of  “regressive”  evolut.on,  in  which  a  complex  fo 
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o-iven  rise  to  simpler  ones.  Most  parasites  have  evolved  from  free-living 
ancestors  which  were  more  complex  than  the  present  forms;  wing  ess 
birds,  such  as  the  cassowary,  have  descended  from  birds  that  could  fly; 
wingless  insects  have  evolved  from  winged  ones;  the  legless  snakes  came 
from  reptiles  with  appendages;  the  whale,  which  has  no  hind  legs, 
evolved  from  a  mammal  that  had  two  pairs  of  legs.  1  hese  are  all  reflec¬ 
tions  of  the  fact  that  mutations  occur  at  random,  and  not  necessarily 
from  the  simple  to  the  complex  or  from  the  imperfect  to  the  perfect. 
If  there  is  some  advantage  to  a  species  in  having  a  simpler  structure,  or 
in  doing  without  some  structure  altogether,  any  mutations  which  happen 
to  occur  for  such  conditions  will  tend  to  accumulate  by  natural  selec¬ 
tion. 

QUESTIONS 

1.  What  is  the  theory  of  uniformitarianism? 

2.  Explain  the  concept  of  organic  evolution. 

3.  What  is  wrong  with  Lamarck's  theory  of  adaptation? 

4.  If  Darwin  did  not  originate  the  theory  of  evolution,  what  contributions  did  he  make? 

5.  Explain  the  theory  of  natural  selection. 

G.  What  causes  the  variation  without  which  evolution  could  not  occur? 

7.  What  is  meant  by  survival  of  the  fittest?  Do  you  think  it  applies  to  human  popula¬ 
tions? 

8.  Why  are  only  inherited  changes  important  in  the  evolutionary  process? 

9.  State  the  theory  of  preadaptation. 

10.  After  a  mutation  has  occurred,  what  one  condition  is  indispensable  for  evolution? 

11.  From  what  you  have  learned  of  heredity  and  evolution,  would  you  be  inclined  to 
follow  the  Neo-Darwinists  or  Goldschmidt,  in  regard  to  the  question  of  how  new  species 
originate?  Give  your  reasons  for  thinking  as  you  do. 

12.  Differentiate  between  the  various  kinds  of  mutation.  What  factors  may  produce  muta¬ 
tions? 

13.  Why  do  nearly  all  the  mutations  occurring  at  the  present  time  seem  to  be  detrimental? 

14.  Contrast  hybridization  with  the  other  way  in  which  new  species  are  produced. 

15.  What  do  you  think  about  the  belief,  held  by  many  people,  that  the  human  race  is  be¬ 
coming  better  and  better  all  the  time,  and  is  gradually  evolving  toward  an  ultimate  goal  of 
physical  and  moral  excellence?  Give  specific  evidence  for  your  belief. 
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CHAPTER  27 


THE  FOSSIL  EVIDENCE  FOR 

EVOLUTION 


1.  PALEONTOLOGY 

EVIDENCE  of  the  life  of  previous  ages  is  so  abundant  and  diversified 
that  a  whole  science,  called  paleontology,  has  sprung  up  around 
it,  adding  immeasurably  to  our  understanding  of  evolution.  Unfortu¬ 
nately,  however,  the  fossil  record  is  not  equally  clear  for  all  the  various 
evolutionary  lines.  Most  plant  tissues  are  too  soft  to  leave  fossil  re¬ 
mains,  and  although  there  is  some  evidence  of  prmitive  trees  and  other 
woody  structures,  the  record  of  the  early  plants  is  incomplete.  Likewise 
the  animals  which  formed  the  most  important  connecting  links  between 
the  phyla  had  soft  bodies  which  disappeared  without  leaving  a  trace. 
The  record  is  clearest,  then,  of  the  vertebrates,  because  of  their  bones, 
teeth  and  scales,  although  the  invertebrates  with  shells  and  other  hard 
parts  left  clear  remains. 

•  Most  of  the  vertebrate  fossils  discovered  are  skeletal  parts,  from 
which  it  is  possible  to  deduce  the  animal’s  posture  and  style  of  walking. 
From  the  bone  scars,  indicating  muscle  attachments,  paleontologists  can 
deduce  the  general  position  and  size  of  the  muscles  and,  from  this,  the 
contours  of  the  body.  On  the  basis  of  such  considerations,  reconstruc¬ 
tions,  probably  quite  accurate,  are  made  of  how  the  animals  looked  in 
life,  in  spite  of  the  fact  that  such  qualities  as  the  texture  and  color  of 
the  fur  must  be  guessed  at. 

Although  bones,  shells,  teeth  and  other  hard  parts  are  the  remains 
most  commonly  found,  the  word  “fossil”  refers  not  only  to  these  but 
to  any  impression  or  trace  left  by  previously  existing  organisms.  Foot¬ 
prints  or  other  trails  made  in  soft  mud,  which  subsequently  hardene  , 
are  another  common  type  |of  fossil.  From  such  remains  one  can  tell 
something  of  the  structure  and  body  proportions  of  the  animals  whic 
made  them.  In  1948,  tracks  were  discovered  near  Pittsburgh  ol  an 
amphibian  from  the  Pennsylvauian  period,  some  250,000,000  years  ago. 
That  the  animal  moved  by  hopping,  rather  than  by  walking,  was  evi¬ 
dent  from  the  fact  that  the  footprints  lay  opposite  each  other,  m  pa  . 

In  interesting  and  striking  type  of  fossil  is  that  in  which  the  origin^ 
hard  parts  and  more  rarely,  soft  tissues  have  been  replaced  by  minerals 
— a  process  known  as  petrifaction.  The  replacmg  mmerals _n my  be  n 
nvrites  silica  calcium  carbonate  or  other  substances.  The  \ 

bs'r«i 

method  of  mineral  replacement,  are  mold  and  cast  tossils.  ivioias 
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formed  by  the  hardening  of  the  material  surrounding  the  buried  organ¬ 
ism,  followed  by  the  decay  and  removal  of  the  organisms  by  seepage 
of  the  ground  water.  Sometimes  the  molds  were  subsequently  filled  with 
minerals  which,  in  turn,  hardened  to  form  casts — replicas  of  the  original 
structures. 

Occasionally,  paleontologists  are  fortunate  enough  to  find  organisms 
frozen  in  the  soil  or  ice  of  the  far  North,  usually  in  Siberia  and  Alaska. 
Several  elephants  more  than  25,000  years  old  have  been  found  so  well 


log.  216. 1  wo  termites  imbedded  in  amber.  These  insects,  dating  from  the  Middle  Tertiary 

I  WU00!’0?  if8  ago)’,h,ave  been  Preserved  almost  perfectly.  (Buchsbaum,  R.:  Ani- 
mak  Without  Backbones  published  by  University  of  Chicago  Press.  Specimen  lent  by 
A.  E.  Emerson;  photograph  by  P.  S.  Tice.)  y 


preserved  that  their  flesh  was  eaten  by  dogs.  Other  forms— plants,  in¬ 
sects  and  spiders— have  been  preserved  in  amber,  a  fossil  resin  from 
pine  trees.  Originally  the  resin  was  a  sap  soft  enough  to  engulf  the 
fragile  insect  and  penetrate  every  part;  then  it  gradually  hardened,  pre¬ 
serving  the  animal  intact  (Fig.  216)  .  ’  1 

The  formation  and  preservation  of' a  fossil  require  that  some  structure 
be  buried  1  his  may  take  place  at  the  bottom  of  a  body  of  water  or  on 
land  by  the  accumulation  of  wind-blown  sand,  soil  or  volcanic  ash 

Slv°  bv  thmeevoTd  animtlsfliving  “  Pompeii  -ere  preservTd  a.mtt 
perfectly  by  the  volcanic  ash  from  the  eruption  of  Vesuvius')  Some 

times  animals  were  trapped  and  entombed  in  a  bog,  quicksand  or 


Table  H.  Geologic  Time  Table 
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Appalachian  Revolution  (Some  Loss  of  Fossils) 
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asphalt  pit,  such  as  the  famous  La  Brea  tar  pits  in  Los  Angeles  which 
have  provided  superb  fossils  of  Pleistocene  animals. 

II.  THE  GEOLOGIC  TIME  TABLE 

Geologists  have  found  five  major  rock  strata,  each  of  which  is  sub¬ 
divided  into  lesser  strata,  and  on  this  basis  the  geologic  time  table  of 
eras,  periods  and  epochs  was  constructed  (Table  14) .  Some  idea  of  the 
duration  of  each  of  the  eras  and  periods  is  obtained  from  the  relative 
thickness  of  the  sedimentary  deposits,  although,  obviously,  the  rate  of 
deposition  varied  at  different  times  and  in  different  places. 

Ideally,  the  layers  of  sedimentary  rock  occur  in  the  sequence  of  their 
deposition,  with  the  newer,  later  strata  on  top  of  the  older,  earlier  ones, 
so  that  the  deeper  strata  contain  the  older  fossils.  But  often  the  problem 
of  determining  the  relative  age  of  rock  strata  is  complicated  by  many 
factors.  Not  all  the  strata  occur  in  any  one  region,  for  some  lands  were 
exposed  when  others  were  submerged;  and  in  some  localities  submerged 
areas  were  subsequently  reexposed,  while  layers  previously  deposited 
were  destroyed,  thereby  making  possible  the  deposition  of  relatively 
recent  strata  directly  on  top  of  very  old  ones.  Moreover,  certain  sections 
of  the  earth’s  crust  have  undergone  tremendous  foldings  and  splittings, 
so  that  early  layers  may  now  rest  on  top  of  newer  ones.  Sometimes  the 
age  of  a  rock  stratum  can  be  determined  by  a  study  of  its  fossil  content, 
for  some  kinds  of  fossils  were  deposited  in  only  one  era  or  period. 

The  current  method  of  dating  rocks  depends  on  the  rate  of  trans¬ 
formation  of  some  radioactive  element  into  another  element— for  ex¬ 
ample,  the  transformation  of  uranium  or  thorium  into  a  distinctive  kind 
of  lead  with  an  atomic  weight  different  from  that  of  ordinary  lead.  The 
rates  of  such  transformations  were  essentially  unaffected  by  the  pres¬ 
sures  and  temperatures  to  which  the  elements  were  exposed  during  sub¬ 
sequent  geologic  processes.  It  takes  3.7  billion  years  for  half  of  a  given 
sample  of  uranium  to  be  converted  into  lead,  and,  by  measuring  the 
proportion  of  uranium  and  lead  in  a  given  rock,  an  accurate  estimate 
of  the  absolute  age  of  the  rock  can  be  made.  By  this  method  the  oldest 
rocks  of  the  earliest  geologic  period  are  calculated  to  be  about  1,850, 
ootoo  years  old.  and  the  latest  Cambrian  rocks  to  be  450.000,000  years 

°‘ Relatively  short  periods  of  geologic  time  can  be  determined  by  meas¬ 
uring  how  rapidly  waterfalls  are  receding  (Niagara  Falls  is  moving 
upstream  at  the  rate  of  about  five  feet  a  year,  as  it  wears  away  he 
rick  over  which  it  tumbles)  or  by  counting  the  yearly  deposits  of  clay 
on  the  bottom  of  lakes  and  ponds.  Advances  in  isotopic  techniques  have 

made  possible  *  “X  “  vanous  oxygen 

iftt'^ts  suiface  and'creating  or  eliminating  shallow  inland  seas, 
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changed  the  distribution  of  sea  and  land  organisms  and  wiped  out  many 
of  the  previous  life  forms.  The  era  known  as  the  Paleozoic  ended  with 
the  revolution  that  raised  the  Appalachian  mountains  and  it  is  thought, 
killed  all  but  3  per  cent  of  the  then  existing  forms  of  life.  Similarly,  the 
Rocky  Mountain  Revolution,  which  raised  the  Andes,  Alps  and  Himal¬ 
ayas, 'as  well  as  the  Rockies,  resulted  in  the  annihilation  of  most  of  the 
reptiles  of  the  Mesozoic  era. 


III.  THE  GEOLOGIC  ERAS 


1.  Archeozoic  Era.  The  oldest  of  the  geological  eras  does  not  begin 
with  the  origin  of  the  earth;  it  dates  back  only  to  the  time  when  the 
earth’s  crust  was  in  solid  form — that  is,  when  rocks  and  mountains  were 
already  in  existence  and  the  processes  of  erosion  and  sedimentation  had 
begun.  This  era,  which  lasted  850.000,000  to  1.000.000.000  years,  was 
as  long  as  all  the  other  eras  combined.  Apparently  it  was  marked  by 
catastrophic  and  widespread  movements  of  the  earth,  including  both 
volcanic  activity  and  deep-seated  upheavals  which  climaxed  in  the 
raising  of  mountains.  The  heat,  pressure,  and  churning  associated  with 
these  movements  probably  destroyed  most  of  the  fossils,  but  some 
evidence  of  life  still  remains.  Scattered  throughout  the  Archeozoic  rocks 
are  traces  of  graphite  or  pure  carbon,  which  are  probably  the  remains 
of  plant  life,  for  although  graphite  can  originate  inorganically/ its  dis¬ 
tribution  in  these  rocks  suggests  an  organic  origin.  What  appear  to  be 
fossil  algae  have  been  found  in  Archeozoic  rocks. 

2.  Proterozoic  Era.  The  second  era,  some  550,000.000  years  in  length, 
was  characterized  by  the  deposition  of  large  quantities  of  sediment,  and 
by  at  least  one  great  period  of  glaciation,  during  which  ice  sheets 
stretched  to  within  20  degrees  of  the  equator.  Sponge  spicules,  jellyfish 
and  the  remains  of  fungi,  algae,  brachiopods,  arthropods  and  worm 
tubes  have  been  recovered  from  rocks  of  the  era. 


3.  Paleozoic  Era.  Between  the  strata  of  the  late  Proterozoic  and 
the  earliest  layers  of  the  third  major  era,  the  Paleozoic,  is  a  considerable 
gap,  caused  by  a  geologic  revolution.  During  the  350,000,000  years  of 
the  Paleozoic,  members  of  every  phylum  and  class  of  animals  appeared 
except  the  birds  and  mammals.  Since  some  of  these  animals  existed  for 
a  relatively  short  time,  their  fossils  enable  geologists  to  correlate  rocks 
ot  the  same  era  found  in  different  localities 

The  Cambrian  Period.  The  earliest  subdivision  of  the  Paleozoic  era 
he  Cambrian  period,  is  represented  by  rocks  rich  in  fossils,  so  that 
e  reconstructions  of  what  the  world  was  like  in  those  days  are  probably 
quite  accurate.  The  forms  living  in  this  period  were  so  varied  and  coni- 
l;  tl,at  they  must  have  evolved  from  ancestors  dating  back  to  the 
Proterozoic  period,  at  the  latest,  and  possibly  to  the  Archeozoic  \]| 
he  present-day  phyla,  except  the  chordates,  were  represented  *  and  all 
organisms  both  plant  and  animal-lived  in  the  sea  There  were  nrlm 
tive  shrimphke  crustaceans  and  arachnid-like  forms  some  of  who*  1 
cendants  exist  almost  unchanged  today  as  the  king  c^ab  The  !cond 
mos  numerous  fossils  of  the  Cambrian  period  Je  The  blach^l 

It  is  possible  that  some  primitive  chordates  did  exist  in  r  u  ■  , 

too  soft  to  be  preserved.  Cambrian,  but  with  bodies 
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although  protozoa,  sponges,  gastropods,  pelecypods,  cephalopods  and 
cchmoderms  were  in  existence.  There  were  both  unicellular  and  multi¬ 
cellular  algae.  One  of  the  best-preserved  collections  of  Cambrian  fossils 
was  found  in  the  mountains  of  British  Columbia;  it  includes  annelids, 
Crustacea,  and  a  connecting  link  between  annelids  and  arthropods,  sim¬ 
ilar  to  the  living  peripatus. 

Evolution  since  the  Cambrian  has  not  been  marked  by  the  establish¬ 
ment  of  entirely  new  body  patterns,  but  by  the  ramification  of  the  lines 
already  present,  and  by  the  replacement  of  original,  primitive  forms 
with  better-adapted  ones.  The  fact  that  no  new  phyla  have  originated 


A,  Anglaspis 


B,  Pterolepis 


Fig.  217.  Three  different  fossil  Ostracoderms— primitive,  jawless,  limbless  fish.  (Romer, 

A.  S.:  The  Vertebrate  Body.) 


since  the  early  Paleozoic  does  not  necessarily  signify  that  no  other  pat¬ 
terns  of  animal  organization  are  possible,  or  that  mutations  for  new  pat 
terns  did  not  occur.  It  probably  indicates  only  that  by  that  time  the 
already  existing  forms  had  reached  a  degree  of  adaptation  to  the  en¬ 
vironment  which  gave  them  a  marked  advantage  over  any  new,  un- 

’adapted  types.  .  .  .  .  .c 

The  Ordovician  Period.  During  the  Cambrian  period  the  continents 

gradually  had  begun  to  be  covered  with  water,  and  in  the  Ordovician 
period  this  submergence  reached  its  maximum,  so  that  much  ot  wh 
is  now  land  was  covered  by  shallow  seas.  Inhabiting  the  seas  were  g'a 
cephalopods — squid  or  nautilus-like  animals,  with  straight  shel  s  15  « 
20  feet  long,  and  a  foot  in  diameter.  Fossil  corals  h»ve  be™  fo"  ^nd 
Ordovician,  Silurian  and  Devonian  rocks  as  far  north  as  OnU 
Greenland.  Since  corals  now  grow  only  in  warm  waters  it  se  k 
that  in  those  times  the  Northern  seas  were  warm.  The  first  trace 
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the  vertebrates  are  found  in  Ordovician  rocks;  these  small  animals, 
called  ostracoderms,  were  jawless,  armored,  bottom-dwelling  fishes, 
without  fins  (Fig.  217) .  Their  armor  consisted  of  a  heavy,  bony  cover¬ 
ing  over  the  head  and  thick  scales  over  the  trunk  and  tail;  otherwise 
they  were  similar  to  the  jawless  lamprey  eels  of  today.  Apparently,  tliej 
lived  in  fresh  water,  and  their  armorplate  was  a  defense  against  the 
carnivorous,  giant  water  scorpions— sometimes  9  feet  long— called  euryp- 
terids,  which  also  inhabited  fresh  water. 


A,  Climatius 


B,  Dinichthys 


C,  Bothriolepis 


uF?„218'  Three  foSsil  Placoderms  fr°™  die  Devonian  Period.  A,  Climatius,  a  “spiny-SKinned 
shark,  with  large  fin  spines  and  five  pairs  of  accessory  fins  between  the  pectoral  and  pelvic 
pairs.  B,  Dinichthys,  a  giant  arthrodire  that  grew  to  a  length  of  .‘3U  feet.  Its  head  and  thorax 
were  covered  by  bony  armor,  but  the  rest  of  the  body  and  tail  were  naked.  C,  Third  type  of 
placoderm  that  had  a  single  pair  of  jointed  flippers  projecting  from  the  body.  (Romer  A  S  • 
1  he  Vertebrate  Body.) 


The  Silurian  Period.  Two  events  of  great  biological  importance  oc¬ 
curred  in  the  Silurian  period:  the  land  plants  evolved,  and  air-breathing 
animals  appeared.  The  first  land  plants  seem  to  have  resembled  ferns 
rather  than  mosses,  and  ferns  were  the  dominant  plants  of  the  follow¬ 
ing  Devonian  and  Mississippi  periods.  The  first  air-breathing  land 
animals  were  arachnids,  resembling  to  some  extent  modern  scorpions 
e  continental  areas,  which  had  been  low  during  the  Cambrian  and 
Ordovician  rose-especially  in  Scotland  and  Northeastern  North  Amer¬ 
ica  and  the  climate  became  much  colder. 

The  Devonian  Period.  During  the  Devonian  the  original  ostracoderms 

riVethemw  ogrfiash>- Theyfi°f  ff'  “1 the  pe™d  is  Ue»“”d 

g  ‘  hsh-  *  he  first  t0  evolve  jaws  and  paired  fins  were  the 
P  erms,  or  sp.ny-skinned  sharks  (Fig.  218),  which  were  small, 
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armored,  fresh-water  forms.  rlhese  animals  had  a  variable  number  of 
paired  fins;  some  had  two,  corresponding  to  the  arms  and  legs  of  higher 
forms,  and  some  had  as  many  as  five  additional  pairs  between  these  two. 
True  sharks  appeared  in  fresh  water  during  the  Devonian,  but  tended 
to  migrate  to  the  ocean  and  to  lose  their  cumbersome  armorplate.  The 
ancestors  of  the  bony  fishes*  also  appeared  in  Devonian  fresh-water 
streams,  and  had  evolved  by  the  middle  of  the  Devonian  into  three 
main  types:  lungfish,  lobe-finned  fish,  and  ray-finned  fish.  All  had  lungs 
and  an  armor  of  bony  scales.  A  few  lungfish  have  survived  to  the  pres¬ 
ent,  and  the  ray-finned  fish,  after  undergoing  a  slow  evolution  in  the 
remaining  Paleozoic  and  early  Mesozoic  eras,  ramified  greatly  in  the 
latter  part  of  the  Mesozoic  to  give  rise  to  the  modern  body  fish,  or 


A,  Osteolepis 


B,  Latimeria 

Fig.  219.  Crossopterygians.  A,  Typical  fossil  form  from  the  Devonian.  B,  The  living  coela- 
canth  found  off  Africa  in  1939.  (Romer,  A.  S.:  The  Vertebrate  Body.) 


teleosts.  The  lobe-finned  fish,  which  were  the  ancestors  of  the  land 
vertebrates,  were  almost  extinct  by  the  end  of  the  Paleozoic,  and  it  was 
once  believed  that  they  had  vanished  with  the  end  of  the  Mesozoic.  B 
in  1939  a  South  African  fisherman  pulled  in  an  odd-lookin0,  bluish  fi  , 
about  5  feet  long,  which  proved  to  be  a  lobe-fin  (Fig.  219) . 

The  latter  part  of  the  Devonian  was  marked  by  the  appearance  of 
first  land  vertebrates— amphibians  called  stegocephal.ans  (meaning 

roof-headed)  (Fig.  220) .  These  creatures,  whose  ^'"'  ^g^^differing 
bony  armor,  were  similar  in  most  respects  to  the  lobe-fins, ’  J 

chiefly  in  having  limbs  instead  of  fins.  The  Devonian  was  the  first  permd 

sis  sattttw 

pedes8  are  believed  to  have  originated  in  the  late  Devon  a  . 

*  In  contrast  to  that  of  bony  fishes,  the  skeletal  material  of  sharks  is  cartilage. 
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The  Carboniferous  Period.  Because  the  greatest  part  of  our  coal  de¬ 
posits  were  made  in  the  Mississippian  and  Pennsylvanian  periods,  these 
two  are  sometimes  combined  and  referred  to  as  the  Carboniferous  period. 
During  this  period  the  land  was  covered  with  low  swamps,  filled  with 
horsetails,  ferns,  seed  ferns  and  large-leaved  evergreens  (Fig.  221)  .  The 
first  reptiles,  called  stem  reptiles,  similar  to  their  antecedent  amphibians, 
appeared  in  the  Pennsylvanian  period,  flourished  in  the  final  Paleozoic 
period— the  Permian— and  became  extinct  early  in  the  Mesozoic  era. 
It  is  a  question  whether  the  most  primitive  reptile  known  (called  Sey- 


A,  Diplovertebron 


B,  Ophiacodon 


Fig.  220.  A  Diplovertebron,  a  primitive  Paleozoic  amphibian  (Stegocephalian) .  B,  Ophia¬ 
codon,  an  early  Permian  pelycosaur.  Although  the  pelycosaurs  were  primitive  reptiles  they 
iad  certain  characters  indicating  that  they  represent  a  first  stage  in  the  evolution  of  the 
mammals.  (Romer,  A.  S.:  The  Vertebrate  Body.) 


mouna  for  the  town  in  Texas  near  which  its  fossil  remains  were  found) 
should  be  considered  an  amphibian  about  to  become  a  reptile,  or  a  rep¬ 
tile  just  over  the  border  from  an  amphibian.  One  of  the  main  differences 

InvTedv  coTh*  a"!phlb'ans  is  the  l-vPe  of  egg  laid:  amphibians 
<  }  J  y  coated  eggs  in  the  water,  and  reptiles  lay  shell-covered  eggs  on 

land.  Since  no  Seymourian  eggs  have  survived,  it  may  never  be  possible 

to  decide  to  which  class  this  animal  belonged.  SeyLuria  was  a  large 

sluggish  beast  resembling  a  lizard.  Its  short,  stubby  legs  extended  lft  ’ 

erally  from  the  body  as  do  a  salamander’s,  instca/ofting  clo  er  to' 

gether  and  extending  directly  down  to  form  a  pillar-like  support  for  the 

y.  Two  important  groups  of  winged  insects  evolved  during  the  Car- 
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Fig.  221.  Restoration  of  a  swamp  forest  of  the  Carboniferous  Period.  Included  are  giant 
ferns”  horsetails  and  club  mosses,  primitive  conifers  and  a  large,  primitive  insect.  (Copy¬ 
right,  Chicago  Natural  History  Museum.) 


Fig.  222.  Texas  in  the  Permian  Period,  about  215,000,000  years  ago.  Various  pelycosaurs 
are  shown.  Some  of  them  had  large  fins,  others  were  essentially  like  lizards.  In  the  ri<dit 
foreground  are  two  salamander-like  amphibians,  with  flat,  horned  skulls.  (Copyright,  Chicago 
Natural  History  Museum,  from  the  painting  by  Charles  R.  Knight.) 
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boniferous  the  ancestors  of  the  cockroaches,  which  reached  a  length  of 
4  inches,  and  ancestral  dragon  flies,  some  of  which  had  a  wingspread  of 
2%  feet. 

The  Permian  Period.  The  final  period  of  the  Paleozoic  was  character¬ 
ized  by  great  changes  in  climate  and  topography.  The  level  of  the  con¬ 
tinents  rose  all  over  the  world,  so  that  the  shallow  seas  which  covered 
the  region  from  Nebraska  to  Texas  at  the  beginning  of  the  period, 
drained  off,  leaving  the  land  a  salt  desert.  At  the  end  of  the  Permian  a 
general  folding  of  the  earth’s  crust  occurred,  called  the  Appalachian 
Revolution,  which  raised  the  great  mountain  chain  from  Nova  Scotia 
to  Alabama.  These  mountains  originally  were  higher  than  the  present 
Rockies.  Meanwhile,  in  Europe,  other  ranges  were  being  brought  into 
existence.  A  great  glaciation,  spreading  from  the  Antarctic,  covered  most  of 
the  southern  hemisphere,  extending  almost  to  the  equator  in  Brazil 
and  Africa;  North  America  was  one  of  the  few  parts  of  the  world  to 
escape  glaciation  at  that  time,  but  even  its  climate  became  much  colder 
and  drier  than  it  had  been  during  most  of  the  Paleozoic.  Many  of  the 
Paleozoic  forms  of  life,  apparently  unable  to  adapt  to  the  climatic 
changes,  became  extinct  during  the  Appalachian  Revolution.  Even  many 


Fig.  223.  A  mammal-like  reptile  (Lycaenops)  from  the  late  Permian  of  South  Africa.  (From 
Romer,  A.  S.:  The  Vertebrate  Body;  after  Colbert.) 


of  the  marine  forms  became  extinct,  owing  to  the  cooling  of  the  water 
and  the  decrease  in  the  amount  of  space  available,  caused  by  the  di¬ 
minishing  of  the  shallow  seas. 

From  the  primitive  stem  reptiles  there  evolved  during  the  late  Car¬ 
boniferous  and  early  Permian  the  group  of  reptiles  believed  to  be  in  the 
direct  line  which  gave  rise  to  the  mammals.  These  were  the  pelycosaurs 
(Fig  222)  carnivorous  reptiles  that  were  more  slender  and  lizard-like 
than’ the  stem  reptiles.  In  the  latter  part  of  the  Permian  there  evolved, 
probably  from  the  pelycosaurs,  another  group  of  reptiles  with  a  tew 
more  mammalian  characteristics— the  therapsids  (Fig  223).  One  of 
these,  Cynognathus,  the  “dog-jawed”  reptile,  was  a  slender,  lightly ’  built 
animal  about  5  feet  long,  with  a  skull  intermediate  between  that  of  a 
reptile  and  that  of  a  mammal.  The  teeth,  instead  of  being  conical  and 
alf  alike,  as  reptilian  teeth  are,  were  differentiated  into.‘nc;sor^am-s 
and  molars.  In  the  absence  of  information  about  the  animal  s  soft  parts 

,  iiipp  it  hud  scales  or  hair  whether  or  not  it  was  warm  blooded  and 
:  eer  ft  suckled t  young!  it  is  called  a  reptile,  but  if  -ore  evidence 
.  available  it  might  be  classified  as  a  very  early  mammal.  The 
Therapsids  we, 4  widespread  in  the  late  Permian  but  were  crowded  out 
early  the  Mesozoic  by  the  great  variety  of  other  reptiles. 
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4  The  Mesozoic  Era  (The  Age  of  Reptiles).  The  Mesozoic  era.  which 
began  about  200.000.000  years  ago  and  lasted  some  1MWM ^ear.rs 
subdivided  into  three  periods,  the  Triassic,  Jurassic  and  Cretaceo  . 
i„.r  the  Triassic  and  Jurassic  most  of  the  continental  areas  weie  . 
water.  The  Triassic  climate  was  dry,  but  warmer  than  the  Permian, 
and  the  Jurassic  was  warmer  and  moister  than  the  Triassic.  The  tiees  o 
the  famous  Petrified  Forest  in  Arizona  date  from  the  1  riassic. 

During  the  Cretaceous  period  the  Gulf  of  Mexico  expanded  into 
Texas  and  New  Mexico,  and.  in  general,  the  sea  gradually  encroache 
upon  the  continental  areas.  There  were  great  swamps,  too,  from  Colo¬ 
rado  to  British  Columbia.  In  the  latter  part  of  the  Cretaceous  the  in¬ 
terior  of  the  continent  of  North  America  was  further  submerged,  and  the 
bay  from  the  Gulf  of  Mexico,  meeting  another  from  the  Arctic,  cut  this 
continent  into  two  parts.  The  Cretaceous  ended  in  another  great  up¬ 
heaval,  called  the  Rocky  Mountain  Revolution,  which  raised  the  Bockies, 
Alps,  Himalayas  and  Andes  and  caused  much  volcanic  activity  in  west¬ 
ern  North  America. 

Reptilian  Evolution.  The  outstanding  feature  of  the  Mesozoic  era  was 
the  origin,  differentiation  and  final  extinction  of  a  great  variety  of  rep¬ 
tiles,  of  which  there  were  six  main  stocks. 

The  most  primitive  stock  included,  besides  the  ancient  stem  reptiles, 
the  turtles,  which  originated  in  the  Permian.  The  turtles  have  evolved 
the  most  complicated  armor  of  any  land  animal,  consisting  of  scales  de¬ 
rived  from  the  epidermis  fused  to  the  underlying  ribs  and  breast  bone. 
With  this  protection,  both  marine  and  land  forms  have  survived  with 
few  structural  changes  since  before  the  time  of  the  dinosaurs.  Their 
legs,  which  extend  laterally,  making  locomotion  difficult  and  slow,  and 
their  skulls,  unpierced  behind  the  eye  sockets,  have  come  down  without 
alteration  from  the  old  stem  reptiles. 

A  second  group  of  reptiles  to  survive  with  relatively  few  changes  from 
the  ancestral  stem  reptiles,  are  the  lizards — the  most  abundant  of  living 
reptiles — and  the  snakes.  For  the  most  part  the  lizards  have  kept  the 
primitive  type  of  locomotion  with  the  legs  extended  laterally,  although 
many  can  run  rapidly.  Most  of  them  are  small,  but  the  monitor  lizard 
of  the  East  Indies  attains  a  length  of  12  feet,  and  some  fossil  ones  are 
2.)  feet  long.  The  mosasaurs  (Fig.  225)  of  the  Cretaceous  were  marine 
lizards  which  reached  a  length  of  40  feet,  and  had  a  long  tail  useful  in 
swimming.  During  the  Cretaceous,  snakes  evolved  from  lizard  ancestors. 
I  he  important  difference  between  snakes  and  lizards  is  not  the  loss  of 
legs  (some  lizards  are  legless),  but  certain  changes  in  the  skull  and 
jaws  of  the  snake  which  enable  it  to  open  its  mouth  wide  enough  to 
swallow  an  animal  larger  than  itself.  A  representative  of  an  ancient  line 
I  hat  has  managed  somehow  to  survive  in  New  Zealand  is  the  lizard -like 
tuatera.  It  shares  several  traits  with  the  ancestral  cotvlosaurs,  one  of 
them  being  a  third  eye  on  the  top  of  its  head. 

rentiles^nf  TTif  Mf°foic  rePtiles  were  the  archosaurs  or  “ruling 

pt  les  of  which  the  only  living  members  are  the  alligators  and  croco- 

les.;  At  n'l.c'>r'y  point  in  their  evolution  from  stem  reptiles  the  ruling 
reptfies  which  were  then  about  3  feet  long,  became  adapted  to  two" 
egged  locomotion  their  front  legs  became  short,  while  the  hind  legs 


Fig.  224.  Giant  dinosaurs  from  the  Cretaceous  Period  of  western  North  America.  The 
largest  flesh-eating  dinosaur  known  was  Tyrannosaurus,  two  of  which  are  shown  attacking 
the  herbivorous,  horned  dinosaur,  Triceratoys.  Tyrannosaurus  reached  a  length  of  47  feet 
and  a  height  of  19  feet.  Its  head  was  as  much  as  6  feet  long,  and  equipped  with  many  sharp 
teeth.  The  front  legs  were  small  and  completely  useless.  It  walked  on  its  powerful  hind  legs 
and  balanced  with  its  long  tail.  Triceratoys  was  armed  with  a  horn  on  the  nose  and  a  pair 
of  horns  over  the  eyes  and  was  protected  by  a  bony  ruff  covering  the  neck  and  shoulders. 
The  rest  of  the  body  was  covered  with  a  leathery  hide,  so  that  it  was  vulnerable  except  uhen 
face-to-face  with  its  opponent.  (Copyright,  Chicago  Natural  History  Museum,  from 
painting  by  Charles  R.  Knight.) 
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Fig.  225.  During  much  of  the  Cretaceous  Period,  a  shallow  inland  sea  covered  the  western 
half  of  the  Mississippi  Valley.  Three  reptiles  characteristic  of  this  time  and  place  are  shown: 
in  the  center  is  a  large  mosasaur  about  30  feet  long;  to  the  right  is  a  giant,  8-foot  long  marine 
turtle;  and  flying  in  the  left  background  are  a  number  of  reptiles  of  the  genus  Pteranodon, 
forms  with  short  tails  and  a  long  crest  extending  back  from  the  skull.  (Copyright,  Chicago 
Natural  History  Museum,  from  the  painting  by  Charles  R.  Knight.) 
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Fig.  22G.  Scene  off  the  coast  of  North  America  in  Jurassic  times,  about  130,000,000 
years  ago.  Two  types  of  marine  reptiles  are  shown:  plesiosaurs  with  long  necks,  broad, 
flat  bodies,  and  sturdy,  paddle-shaped  limbs;  and  ichthyosaurs  with  fishlike  fins  and 
tails.  Both  types  were  fish-eaters.  (Copyright,  Chicago  Natural  History  Museum,  from 
the  painting  by  Charles  R.  Knight.) 


Fig.  227.  Western  Canada  in  the  Cretaceous  Period,  about  95,000,000  years  ago.  The 
land  was  low,  well  watered  and  covered  with  numerous  swamps.  Most  of  the  dinosaurs 
were  harmless,  plant-eating  forms  of  the  Ornithischia  group  of  reptiles,  characterized 
by  birdlike  pelvic  bones.  Two  types  of  duck-billed  dinosaurs  can  be  seen — three  large, 
uncrested  ones  to  the  right,  and  two  types  of  crested  ones  in  the  left  background.  In  the 
middle  foreground  is  a  heavily  armored,  four-footed  dinosaur  covered  with  bony  plates 
and  spines.  In  the  center  background  are  two  ostrich  dinosaurs— tall,  slender  animals 
with  the  general  proportions  of  an  ostrich,  but  with  short  forelegs  and  a  long,  slender 
tail.  (Copyright,  Chicago  Natural  History  Museum,  from  the  painting  by  Charles  R. 
Knight.) 
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became  long,  stout  and  considerably  modified.  These  animals  rested  or 
walked  on  all  fours,  but  in  emergencies  they  reared  up  and  ran  on  the 
two  hind  legs,  assisted  by  their  fairly  long  tail,  which  served  as  a  bal¬ 
ance.  F  rom  the  early  archosaurs  developed  many  different,  specialized 
forms,  some  of  which  continued  to  use  two-legged  locomotion,  others  of 
which  reverted  to  walking  on  all  fours.  These  dcscendents  include  the 
phytosaurs — aquatic,  alligator-like  reptiles,  common  during  the  Triassic; 
the  crocodiles,  which  evolved  during  the  Jurassic  and  replaced  the 
phytosaurs  as  aquatic  forms;  and  the  pterosaurs,  or  flying  reptiles,  which 
included  animals  the  size  of  a  robin,  as  well  as  the  largest  animal  ever  to 
fly — Pteranodon,  with  a  wingspread  of  27  feet.  There  were  two  types 
of  flying  reptiles,  one  with  a  long  tail  that  had  a  steering  rudder  at  the 
end,  the  other  with  a  short  tail.  Both  these  types,  apparently,  were 
fish  eaters,  and  they  probably  flew  long  distances  over  the  water  in 
search  of  food.  Their  legs  were  not  adapted  for  standing,  and  it  is  be¬ 
lieved  that,  like  bats,  they  rested  by  clinging  to  some  support  and  hang¬ 
ing  suspended. 

Of  all  the  reptilian  branches,  the  most  famous  are  the  dinosaurs 
(meaning  terrible  reptiles) .  These  were  divided  into  two  main  types: 
one  with  a  birdlike  pelvis,  the  other  with  a  reptilian  pelvis. 

The  Saurischia  (meaning  reptile  pelvis)  first  evolved  in  the  Triassic, 
and  remained  in  existence  until  the  Cretaceous.  The  early  ones  were 
fast,  carnivorous,  two-legged  forms  the  size  of  a  rooster,  which  probably 
preyed  upon  lizards  and  the  archaic  mammals  then  in  existence. 
Throughout  the  Jurassic  and  Cretaceous  there  was  a  tendency  in  this 
group  to  grow  larger,  culminating  in  the  gigantic  carnivore  of  the  Cret¬ 
aceous,  Tyrannosaurus  (Fig.  224).  Other  Saurischia,  beginning  in  the 
late  Triassic,  changed  to  a  plant  diet,  reverted  to  a  four-legged  gait,  and, 
during  the  Jurassic  and  Cretaceous,  evolved  into  tremendous  amphib¬ 
ious  forms.  Among  these — the  largest  four-footed  animals  that  ever 

lived _ were  Brontosaurus,  with  a  length  of  05  feet;  Diplodocus,  which 

reached  a  length  of  87  feet;  and  Brachiosaurus,  the  biggest  of  them  all, 


with  an  estimated  weight  of  50  tons.  .  . 

The  other  group  of  dinosaurs,  the  Ornithischia  (meaning  birdlike 
pelvis) ,  were  vegetarians,  probably  from  the  beginning  of  their  evolu¬ 
tion  Although  some  of  them  walked  upright,  the  majority  had  a  four¬ 
legged  gait.  Having  lost  their  front  teeth,  they  developed  a  stout,  horny, 
birdlike  beak,  which  in  some  forms  was  broad  and  ducklike  (hence  the 
name  “duck-billed”  dinosaurs) .  Webbed  feet  were  characteristic  of  this 
type-  other  species  developed  great  armor  plates  as  protection  against 
the  carnivorous  saurischians.  Ankylosaurus  (Fig.  227),  which  has  been 
dubbed  ‘The  reptilian  tank,”  had  a  broad,  flat  body,  covered  with  an 
armor  plate  and  with  large,  laterally  projecting  spines  Still  other 
ornithischians  of  the  Cretaceous  period  developed  bony  plates  around 
the  head  and  neck.  One  of  these,  Triceratops  had  two  horns  over  its  eyes 

and  another  over  its  nose— all  3  feet  long. 

At  the  end  of  the  Cretaceous  all  the  dinosaurs,  as  well  as  many  other 

reptiles  became  extinct.  The  causes  of  this  are  not  known  with  cer¬ 
tainty,  but  probably  the  change  in  climate  accompanying  the  Rocky 
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Mountain  Revolution  decreased  the  plant  food  available  for  the  herbi¬ 
vores,  thus  indirectly  decreasing  the  food  for  the  carnivores.  Another 
explanation  is  that  when  the  swamps  dried  up  at  the  end  of  the  Creta¬ 
ceous,  the  herbivorous  dinosaurs  were  too  large  to  walk  about  on  land. 
And  then,  too,  many  mammals  had  appeared  on  the  scene  which  lived 
by  sucking  the  dinosaur  eggs.  Probably  a  combination  of  these  factors 
provides  the  reason  for  the  dinosaurs’  extinction. 

Two  other  groups  of  Mesozoic  reptiles,  separate  from  each  other  and 
from  the  dinosaurs,  were  the  marine  plesiosaurs  and  ichthyosaurs  (Fig. 
226) .  The  former  were  characterized  by  an  extremely  long  neck,  which 
took  up  over  half  of  their  total  length.  The  trunk  was  broad,  flat  and 
rather  turtlelike,  the  tail  was  small,  and  the  animal  paddled  along  by 
means  of  finlike  arms  and  legs.  Often  it  was  45  feet  long.  The  ichthyo¬ 
saurs  (fish  reptiles)  had  a  body  form  superficially  like  that  of  a  fish  or 
a  whale,  with  a  short  neck,  a  large  dorsal  fin,  and  a  sharklike  tail.  They 
swam  by  wiggling  their  tails  using  their  feet  only  for  steering.  It  is  be¬ 
lieved  that  the  ichthyosaur  young  were  born  alive,  after  having  hatched 
from  eggs  within  the  mother,  for  the  adults  were  too  specialized  to 
come  out  on  land,  and  a  reptile  egg  will  drown  in  water.  The  presence 
of  skeletons  of  the  young  within  the  body  cavity  of  adult  fossils  has 
strengthened  this  theory. 

Other  Mesozoic  Evolutionary  Trends.  Although  the  reptiles  were  the 
dominant  animals  of  the  Mesozoic,  many  other  important  organisms 
evolved  during  that  time:  snails  and  bivalves  increased  in  number  and 
kind;  sea  urchins  reached  their  peak;  mammals  originated  in  the  Tri- 
assic;  and  teleost  fishes  and  birds  arose  during  the  Jurassic.  Most  of  the 
modern  orders  of  insects  appeared  early  in  the  Mesozoic.  As  for  the 
plants,  during  the  early  Triassic,  the  most  abundant  types  were  seed 
ferns,  cycads  and  conifers;  but  by  the  Cretaceous,  many  others,  re¬ 
sembling  present-day  species,  had  appeared — sycamores,  magnolias, 
palms,  maples  and  oaks. 


From  the  Jurassic,  excellent  fossils  have  been  preserved,  showing  even 
the  outlines  of  feathers,  of  the  earliest  species  of  bird.  This  creature, 
called  Archeopteryx,  was  about  the  size  of  a  crow,  had  rather  feeble 
wings  jawbones  armed  with  teeth,  and  a  long,  reptilian  tail,  covered 
with  feathers  (Fig.  228) .  Fossils  have  been  found  in  Cretaceous  rocks  of 

,1?  j  ^^—Hesperornis,  an  aquatic  diving  bird  that  had 
lost  the  ability  to  fly  and  Ichthyornis ,  a  powerful  flying  bird,  about  the 

eldv0-  ™th  reptllian  teeth-  Modern  toothless  birds  evolved 

early  in  the  following  era. 

5.  The  Cenozoic  Era  (The  Age  of  Mammals).  With  equal  justice  the 
Ceno^.c  could  be  called  the  Age  of  Birds,  the  Age  of  Injects  or  the'  Age 
of  I  lowering  Plants,  for  it  is  marked  bv  the  evolution  of  nil  ti  ,  r  ^ 

MouhntaaSinbReveiet-°,Uti0n  °f  ^  mammals-  11  extends  from^the^ockv 
subdivided  ttotwo0per,:  thewt  t  T.  ‘°  **  and  is 

k  hr,?.  Kr»: = 

The  Tertiary  Period.  The  Tertiary  is  subdivided  into  five  epochs.' 
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named,  from  earliest  to  latest,  Paleocene,  Eocene,  Oligocene,  Miocene 

and  Pliocene.  Since  the  rocks  of  all  these  epochs  are  much  the  same,  the 
epochs  are  differentiated  chiefly  on  the  basis  of  the  kinds  of  fossils  in  the 
strata.  The  Rockies,  formed  at  the  beginning  of  the  Tertiary,  were  con- 


Fig  «8.  Restoration  of  two  of  the  earliest  birds,  of  the :  genus  (After  Hell- 

g'  mann;  Lull,  R.  S.:  Organic  Evolution,  The  Macmillan  Co.) 

siderably  eroded  by  the  time  of  the  Oligocene  giving  ^e  ^rth  Ameri¬ 
can  continent  a  gently  rolling  topography  In  the Jl'.  R ockies  and 
series  of  uplifts  raised  the  Sierra  Neyadas  and  a  new  s«t  °f  ®ock  ^ 
resulted  in  the  formation  of  the  western  deserts,  lhe  clin  . 

[n  the  Oligocene  than  it  is  at  present,  and  palms  grew  as  far  north  a. 
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Wyoming.  The  uplift  begun  in  the  Miocene  continued  in  the  Pliocene 
and,  coupled  with  the  ice  ages  of  the  Pleistocene,  killed  many  of  the 
mammals  and  other  forms  that  had  evolved.  rlhe  final  elevation  of  the 
Colorado  Plateau,  which  also  caused  the  cutting  of  Grand  Canyon,  oc¬ 
curred  almost  entirely  in  the  short  Pleistocene  and  Recent  epochs. 


plitvDus21 N^0tlIlVZTfmpIeSi0lf  “°n°tomes-inaminals  that  lay  e^s-  A>  The  duck-billed 
P  yp  .  ote  the  short  tur,  v\ ebbed  feet,  horny,  duck-shaped  beak  and  unusual  tail.  B  The 

black  r  ab0Ut,1]8  ‘nches  long>  is  covered  with  strong,  pointed  spines,  yellow’with 

tht  LlP  r  1  f  nar  '  UCk  Sn?Ut  18  cylindricaI>  and  il  captures  its  food  (mostly  ants)  with 
he  Ion  protrusible  tongue  which  is  covered  with  sticky  saliva.  (Photographs,  courtesy  of 
the  Australian  News  and  Information  Bureau.)  y  oi 


I  he  earliest  iossils  of  true  mammals  were  deposited  late  in  the  Tri- 
assic,  but  by  the  Jurassic  there  were  four  orders  of  mammals,  all  about 
it  size  of  a  rat  or  small  dog.  These  earliest  mammals  (monotremes) 

billed  T  aymg  an!Tu  ’  and  their  only  livinS  survivors  are  the  duck 
lied  platypus  and  the  spiny  anteater  (Fig  229)  of  Australia  TtruV. 

have  fur  and  suckle  their  young,  but  .ike  !urS  they  fay  ^  The 


Fig.  230.  Kangaroo  mother  with  her  young  in  her 
pouch.  (Photograph,  courtesy  of  the  Australian  News 
and  Information  Bureau.) 


Fig.  231.  Restoration  of  an  archaic  meat-eating 
mammal,  a  creodont  from  the  Eocene  Period,  eating 
a  tiny  ancestral  horse,  Eohippus.  (Copyright,  Ameri¬ 
can  Museum  of  Natural  History,  New  York.) 

Fig.  232.  Restoration  of  a  scene  at  the  Rancho  La 
Brea  tar  pits  (now  a  part  of  Los  Angeles,  California) 
in  the  Pleistocene.  Many  well-preserved  specimens  of 
animals  now  extinct  have  been  found  imbedded  in  the 
asphalt.  In  the  left  foreground  are  two  saber-toothed 
tigers;  in  the  right  foreground,  three  large  ground 
sloths;  the  giant  vultures,  now  extinct,  had  a  wing- 
spread  of  9  feet.  In  the  background  are  mastodons  and 
dire  wolves.  (Copyright,  American  Museum  of  Natu¬ 
ral  History,  New  York,  from  a  painting  by  Charles  R. 
Knight.) 
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ancestral,  egg-laying  mammals  certainly  must  have  differed  from  the 
specialized  platypus  and  anteater,  but  the  fossil  records  of  those  early 
forms  are  incomplete.  The  present-day  monotremes  have  been  able  to 
survive  this  long  only  because  they  lived  in  Australia,  which,  until  re¬ 
cently,  had  no  placental  mammals  to  offer  competition. 

By  the  Jurassic  and  Cretaceous  most  mammals  were  advanced 
enough  to  bring  forth  their  young  alive,  although  the  most  primitive  of 
them — the  marsupials — gave  birth  to  underdeveloped  young  which  had 
to  remain  for  several  months  in  a  pouch  of  the  mother’s  abdomen,  con¬ 
taining  the  nipples.  The  Australian  marsupials,  freed,  like  the  mono¬ 
tremes,  of  competition  from  better-adapted  placental  mammals,  which 
were  responsible  for  the  extinction  of  their  cousins  on  other  continents, 
evolved  into  a  wide  variety  of  types  that  superficially  resemble  some 
of  the  placentals;  there  are  marsupial  mice,  shrews,  cats,  moles,  bears, 
and  one  species  of  wolf,  as  well  as  a  number  of  forms  with  no  placental 
counterparts,  such  as  the  kangaroo,  wombat  and  wallaby  (Fig.  230). 
During  the  Pleistocene  there  were  giant  kangaroos  in  Australia,  and 
wombats  the  size  of  a  rhinoceros.  The  opossum  more  closely  resembles 
the  primitive,  ancestral  marsupial  type  than  do  any  of  these  more  spe¬ 
cialized  forms;  oddly,  it  is  the  only  marsupial  found  outside  Australia 
and  South  America. 

The  advanced,  modern  placental  mammals,  including  man,  which  are 
distinctive  in  bringing  forth  their  young  alive  and  ready  to  live  an  in¬ 
dependent  existence,*  evolved  from  an  insect-eating,  tree-dwelling  an¬ 
cestor;  fossils  of  this  animal  in  Cretaceous  rocks  show  it  to  have  been 
tiny  and  rather  like  the  present-day  shrew.  Some  of  these  ancestral 
mammals  remained  in  the  trees  and  gave  rise,  through  a  series  of  inter¬ 
mediate  forms,  to  the  primates — monkeys,  apes  and  men;  others  lived  on 
or  under  the  ground  and,  during  the  Paleocene,  evolved  into  a  variety 
of  forms  that  is,  into  all  the  other  mammals  living  today.  The  archaic 
mammals  of  the  Paleocene  had  conical,  reptilian  teeth, ‘five  digits  on 
each  foot,  and  a  small  brain;  they  also  walked  on  the  soles  of  their  feet 
instead  of  on  their  toes.  During  the  Tertiary  the  evolution  of  grasses 
which  served  as  food,  and  forests  which  afforded  protection  was  an  im¬ 
portant  factor  in  changing  the  mammalian  body  pattern.  Concomitant 
with  a  tendency  toward  increased  size,  the  mammals  all  displayed  ten¬ 
dencies  toward  an  increase  in  the  relative  size  of  the  brain,  and  toward 
changes  in  the  teeth  and  feet.  As  modern  forms,  better  equipped  for 
survival  arose,  the  archaic  mammals  became  extinct. 

Although  fossils  of  both  marsupial  and  placental  animals  have  been 
ound  in  Cretaceous  rocks,  it  is  rather  surprising  to  find  the  remains  of 
ughly  developed  mammals  in  strata  of  the  earlv  Tertiarv  Whether  tl 
ae  ua'lv  ar°sc  at  that  time  or  had  existed  before in The" ££'5 
had  not  been  preserved,  is  unknown.  8  as’  anfl 

In  the  Paleocene  and  Eocene  ennrh«  v 

creodonts  (Fig  231}  arose  from  tl,?  -  -.-  -fi  '  carm™res,  called 
l  g.  231),  arose  from  the  primitive  insect-eating  placentals. 

uterine  w»Uwh“h  enables  tL^oung  to'?  noshed  tadd'Th  bet"e.e\ll,e  fetus  the 

putatively  long  time.  "  n0“mhed  ms"lc  the  mother’s  body  for  a  oom. 
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They  were  replaced  in  the  Eocene  and  Oligocene  by  more  modern  forms 
which  eventually  gave  rise  to  the  present-day  carnivores,  such  as  cats, 
dogs,  bears  and  weasels,  as  well  as  to  the  web-footed,  marine  carnivores 
— the  seals  and  walruses.  One  of  the  most  famous  fossil  carnivores  is  the 
saber-toothed  tiger  (Fig.  232) ,  which  became  extinct  only  recently  in 
the  Pleistocene.  These  animals  had  tremendously  elongated,  knifelike 
upper  canine  teeth,  and  a  lower  jaw  that  could  be  swung  down  and  out 
of  the  way,  allowing  the  teeth  to  be  used  as  sabers  for  stabbing  the 
prey. 

The  larger  herbivorous  mammals,  most  of  which  have  hooves,  are 
sometimes  referred  to  as  the  ungulates.  They  do  not  form  a  single,  na¬ 
tural  group,  but  consist  of  several  independent  lines,  so  that,  although 
both  horses  and  cows  have  hooves,  they  are  no  more  closely  related  than 
either  one  is  to  a  tiger.  The  molar  teeth  of  ungulates  are  flattened  and 
enlarged  to  facilitate  the  chewing  of  leaves  and  grass.  Their  legs  have 
become  elongated,  and  adapted  for  the  rapid  movement  necessary  to 
escape  predators.  The  earliest  ungulates,  called  condylarths,  appeared 
in  the  Paleocene;  they  had  long  bodies  and  tails,  flat,  grinding  molars, 
and  short  legs  ending  in  five  toes,  each  of  which  bore  a  hoof.  Correspond¬ 
ing  to  the  archaic  carnivores,  or  creodonts,  were  the  archaic  ungulates 
called  uintatheres.  During  the  Paleocene  and  Eocene  some  of  these  were 
as  large  as  elephants,  and  some  had  three  large  horns  projecting  from  the 
top  of  the  head. 

The  fossil  record  of  several  ungulate  lines— the  horse,  the  camel  and 
the  elephant — are  complete,  and  it  is  possible  to  trace  the  evolution  of 
these  animals  from  small,  primitive,  five-toed  creatures.  The  chief  evolu- 
tionarv  tendencies  in  the  ungulates  have  been  toward  an  increase  in  the 
over-all  size  of  the  body  and  a  decrease  in  the  number  oMoes^lhe 
ungulates  were  early  divided  into  two  groups,  one  characterized  by  an 
even  number  of  toes,  and  including  the  cow,  sheen,  camel  deer, 
giraffe,  pig  and  hippopotamus;  the  other  characterized  by  an  odd  num- 
ber  of  toes,  and  including  the  horse,  zebra,  tapir  and  rhinoceros.  The 
elephants  and  their  recently  extinct  relatives  the  mammoths  and  ma  - 

todons  can  be  traced  back  to  an  Eocene  ancestor  the  size  of  a  hog  which 
had  no  trunk.  This  primitive  form,  called  Moenthenum,  was  close  to 
the  stem  that  also  gave  rise  to  such  dissimilar  creatures  as  the  con  J 
(“  woodchuckdike  animal  found  in  Africa  and  Asia)  and  the  sea 

C°The  whales  and  porpoises  descended  from £™S e™lved 
Eocene,  called  zeuglodonts,  which  in  turn  are  «  '  ^  h(  traced  t0 

-  - 

dillos)  — is  less  well  known.  Quaternary  period, 

S’  whichUbegan  some  SVyears  ago  with  the  recession  of  the 
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last  ice  sheet.  The  Pleistocene  was  marked  by  four  periods  of  glaciation, 
between  which  the  sheets  of  ice  retreated.  At  their  greatest  extent  these 
ice  sheets  covered  nearly  4,000.000  square  miles  of  North  America  ex¬ 
tending  south  as  far  as  the  Ohio  and  Missouri  rivers.  The  Great  Lakes, 
which  were  carved  out  by  the  advancing  glaciers,  changed  their  out¬ 
lines  radically  a  number  of  times,  and  from  time  to  time  they  emptied 
into  the  Mississippi.  It  is  estimated  that  in  the  past,  when  the  Missis¬ 
sippi  drained  lakes  as  far  west  as  Duluth  and  as  far  east  as  Buffalo,  its 
volume  was  more  than  sixty  times  as  great  as  at  present.  During  the 
Pleistocene  glaciations  enough  water  was  removed  from  the  sea  and 
locked  in  the  ice  to  lower  the  sea  level  200  to  300  feet;  therefore  land 
connections  existed  that  have  disappeared  since — between  Siberia  and 
Alaska  at  Bering  Strait,  and  between  England  and  the  continent  of 
Europe. 

The  plants  and  animals  of  the  Pleistocene  were  similar  to  those  alive 
today.  It  is  sometimes  difficult  to  distinguish  between  Pleistocene  and 
Pliocene  deposits,  because  the  organisms  were  similar  and  nearly  mod¬ 
ern  in  form.  A  considerable  number  of  mammals,  including  the  saber- 
toothed  tiger,  mammoth  and  giant  ground  sloth,  became  extinct  during 
the  Pleistocene,  after  the  appearance  of  primitive  man.  As  for  the  plant 
kingdom,  the  Pleistocene  was  marked  by  the  extinction  of  many  species 
especially  woody  ones,  and  the  appearance  of  numerous  herbaceous  forms. 


Paleontology  thus  tells  a  story  of  incessant  alteration — of  animals 
struggling  with  each  other  for  the  necessities  of  life,  of  the  survival  of 
the  fittest  and  the  extermination  of  the  less  competent.  The  fossils  which 
have  been  found  make  it  impossible  to  doubt  that  species  different  from 
the  present  ones  did  exist,  and  from  them  we  can  fill  in  the  gaps  between 
the  modern  day  species,  and  trace  back,  step  by  step,  the  development 
of  many  animals  to  their  primitive  ancestral  stock.  In  short,  paleontology 
tells  us  in  unmistakable,  pictorial  form  a  great  part  of  the  evolutionary 
story. 


QUESTIONS 

1.  List  the  various  kinds  of  paleontological  evidence.  Why  are  fossils  difficult  to  find5 

2.  TSame  some  of  the  forms  of  life  of  the  Proterozoic. 

3.  What  were  the  most  common  animals  of  the  Cambrian  period? 

4.  Explain  how  estimates  of  geologic  time  are  made  on  the  basis  of  radioactive  elements. 

5.  In  what  period  did  vertebrates  first  appear? 

6.  What  were  the  two  great  events  of  the  Silurian  period? 

7.  When  was  the  Age  of  Fish? 

8.  What  is  the  significance  of  the  name  “Carboniferous?” 

in  ww  WaS  the  Appalachian  Revolution?  When  did  it  occur  and  what  were  its  effects5 
animals'  “  "  *  **  ^  Stem”  repti,e?  ^  re,atio"  *  turtles  bear  to  these 

™iat  are  belie'red  to  have  caused  the  extinction  of  the  dinosaurs? 

iz.  \>nen  did  the  mammals  originate? 

13.  What  is  the  significance  of  Archeopteryx? 

14.  What  are  monotremes?  What  are  marsupials? 

15.  What  were  the  creodonts? 

16.  Briefly  trace  the  evolution  of  the  various  phyla  from  the  beirinninc  to  r,  *  n 

you  see  any  signs  of  teleology?  beginning  to  the  present.  Do 
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CHAPTER  28 


* 

THE  LIVING  EVIDENCE  FOR 

EVOLUTION 


THE  PALEONTOLOGICAL  facts  comprise  only  one  of  two  main  types 
of  evidence  for  evolution.  In  this  chapter,  the  anatomy,  physiology  and 
biochemistry  of  modern  plants  and  animals,  their  embryologic  and 
genetic  histories,  and  the  manner  in  which  they  are  distributed  over 
the  earth’s  surface,  will  be  considered. 

1.  The  Anatomic  Evidence.  In  the  chapters  on  the  plant  and  animal 
kingdoms  we  found  that  living  organisms  are  classified  on  the  basis  of 
structural  similarities  and  differences.  We  found,  too,  that  not  all  similari¬ 
ties  afford  a  basis  for  classification,  but  only  the  similarities  of  homolo¬ 
gous  organs.  Such  organs,  you  will  recall,  have  not  only  a  similar  con¬ 
struction,  but  also  a  similar  relationship  to  adjacent  organs,  and  a  similar 
embryonic  origin,  although  they  may  perform  quite  different  functions. 
Thus,  a  seal’s  front  flipper,  a  bat’s  wing,  a  cat’s  paw  and  a  human  hand, 
though  superficially  dissimilar,  and  adapted  for  the  quite  different  func¬ 
tions  of  swimming,  flying,  walking  and  grasping,  respectively,  are  fun¬ 
damentally  alike,  for  each  consists  of  almost  exactly  the  same  number 
of  bones,  muscles,  nerves  and  blood  vessels,  arranged  in  exactly  the  same 
pattern.  Moreover,  these  organs  all  have  similar  embryologic  origins. 
Another  illustration  of  homology  is  provided  by  the  seven  neck  verte¬ 
bras  that  all  mammals  have  except  the  sea  cow  (which  seems  to  have 
lost  one  along  the  way) .  In  the  whale,  which  has  no  neck,  properly 
speaking,  the  vertebras  are  no  more  than  flattened  disks,  and  in  the 
giraffe  they  may  be  12  to  20  inches  long;  but  always  the  number  is  the 
same. 


T.hc  science  of  taxonomy  was  established  on  such  grounds  as  these 
long  before  the  fact  of  evolution  was  known,  but  by  and  large,  its  class¬ 
ifications  have  stood  the  test  of  time  and  are  supported  today  by  other 
types  of  evidence.  The  classification  of  modern-day  organisms  into  well- 
defined  groups— phyla,  classes,  orders,  species  and  so  on— is  possible 
only  because  most  of  the  intermediate  forms  have  become  extinct  If 
every  animal  and  plant  that  ever  lived  were  still  living  today  it  would 
be  a  difficult  matter  to  divide  the  living  world  into  neat  taxonomic  cate¬ 
gories,  for  there  would  be  a  continuous  series  of  forms  grading  from 
lowest  to  highest  The  species  now  living  have  been  called  “islands  in  a 
sea  of  death,  and  have  been  likened  also  to  the  terminal  twigs  of  a  tree 
o  which  the  trunk  and  main  branches  have  disappeared.  The  problem 

of  the  taxonomist  is  to  reconstruct  the  missing  branches  and  put  each 
twig  on  the  proper  branch.  1  eacn 

Vestigial  Organs  A  second  type  of  anatomic  evidence  for  evolution 
provic  e<  y  le  fact  that  in  almost  every  species  of  plant  and  animal 
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are  organs  or  parts  of  organs  which  are  useless  and  degenerate,  often 
undersized  or  lacking  some  essential  part,  as  compared  to  homologous 
structures  in  related  organisms.  In  the  human  body  there  are  more  than 
100  such  vestigial  organs,  including  the  appendix,  the  coccyx  (the  fused 
tail  vertebras),  the  wisdom  teeth,  the  nictitating  membrane  of  the  eye, 
the  body  hair,  and  the  muscles  that  move  the  ears.  Comparative  anat¬ 
omy  indicates  that  such  organs  are  the  remnants  of  ones  which  were 
functional  in  some  earlier  animal.  Because  of  a  change  in  the  environ¬ 
ment  or  mode  of  life  of  the  species,  the  organ  became  unnecessary  for 
survival  and,  gradually,  nonfunctional.  Mutations  are  constantly  occur¬ 
ring  which  decrease  the  size  and  function  of  various  organs,  of  course, 
and  if  the  organs  are  necessary  for  survival,  the  organisms  undergoing 
such  mutations  will  be  eliminated.  The  structures  we  recognize  as  ves¬ 
tigial  organs  are  simply  in  the  process  of  being  eliminated. 

The  human  appendix  is  the  remnant  of  a  blind  pouch,  the  cecum, 
which  is  a  large,  functional  structure  in  the  digestive  tract  of  herbivorous 
animals  like  the  rabbit.  Foods  rich  in  cellulose  require  a  long  time  for 
digestion,  and  the  cecum  provides  a  place  where  the  food  may  be  stored 
while  the  gradual  process  of  digestion,  mostly  by  intestinal  bacteria, 
takes  place.  A  long  time  ago  in  our  evolutionary  history,  our  ancestors 
changed  to  a  diet  containing  more  meat  and  less  cellulose,  and  the 
cecum  has  gradually  diminished  to  the  present  useless  vestige,  the  ap¬ 
pendix. 

The  nictitating  membrane— the  small  flap  of  tissue  in  the  inner  corner 
of  the  eye — is  another  human  vestigial  organ  which  can  still  be  observed 
fully  developed  and  functional  in  such  animals  as  reptiles,  cats  and 
birds.  In  man  it  is  the  remains  of  a  transparent  third  eyelid  which  was 
capable  of  covering  the  entire  eye  from  the  inner  to  the  outer  margin. 
Its  purpose  was  to  protect  the  eye,  while  allowing  the  animal  to  see. 

Man  is  not  alone  in  having  vestigial  organs:  both  whales  and  pythons, 
for  example,  have  bones  imbedded  in  the  flesh  of  the  abdomen  which  are 
vestigial  hind  legs;  the  wingless  birds  have  vestigial  wing  bones;  many 
blind,  burrowing  or  cave-dwelling  animals  have  vestigial  eyes;  and  so  on. 

2.  The  Evidence  from  Comparative  Physiology  and  Biochemistry,  rer- 
haps  no  evidence  could  be  more  convincing  of  the  relationship  between 
plants  and  animals  of  related  species  than  the  similarity  to .our  own 
bodies  displayed  by  any  of  the  mammals.  It  is  startling  to  find,  upon 

dissecting  a  rat  tor  the  first  time,  a  replica  of  the  huI"?“  ^ 

stomach  and  most  of  the  other  organs,  and  to  realize  that  these  str 
lures  are  functioning  in  a  manner  almost  .dent.cal  to  our  own.  There 
rtf  differences — in  the  vitamin  requirements,  in  the  arrange 

SHS “Utt  SAT*  SSSs 

the  class  Mammalia,  and  frogs,  whose  internal  workings  also  resen 
tnCbeio0od  ^  vanrfous  animals  is  tested  by  the  antigen-antibody  tech- 
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niques  discussed  previously  (p.  139).  An  experimental  animal,  usually 
a  rabbit,  is  given  repeated  injections  of  human  blood  or  serum,  contain¬ 
ing  proteins  foreign  to  the  rabbit’s  blood.  In  response,  the  white  cells 
of  the  rabbit  produce  antibodies  specific  for  human,  blood-protein 
antigens.  The  antibodies  are  then  obtained  by  withdrawing  blood  from 
the  rabbit  and  allowing  it  to  clot  (the  antibodies  are  in  the  serum)  . 
Even  a  dilute  sample  of  the  serum,  when  mixed  with  human  blood,  re¬ 
sults  in  a  visible  precipitation  caused  by  the  combination  of  antigens 
and  antibodies.  But  nonhuman  blood,  in  order  to  form  such  a  precipita¬ 
tion,  requires  that  the  serum  be  much  more  concentrated,  and  even 
then  the  precipitation  may  be  delayed  or  scanty.  The  blood  of  quite 
different  animals  may  cause  no  precipitation  at  all.  By  using  a  series  of 
rabbits,  each  injected  with  the  blood  of  different  species,  it  has  been 
possible  to  obtain  a  series  of  antibodies,  each  specific  for  the  blood  pro¬ 
teins  of  a  particular  species  of  animal. 

Thousands  of  tests  involving  different  animals  have  revealed  a  basic 
similarity  between  the  blood  proteins  of  all  the  mammals,  the  degree  of 
relationship  being  indicated  by  how  much  the  antigen  and  nntibodv 
solutions  can  be  diluted  and  still  result  in  visible  precipitation.  Man’s 
closest  “blood  relations,”  as  determined  in  this  way,  are  the  great  apes; 
the  next  closest,  in  order,  are  the  Old  World  monkeys,  the  New  World 
prehensile-tailed  monkeys  and  the  tarsioids.  Of  all  the  types  of  primate 
blood,  the  lemur’s  results  in  the  least  precinitat’on  when  combined  with 
antibodies  specific  for  human  blood.  As  for  other  animals,  the  blood 
protein  tests  have  shown  that  cats,  dogs  and  bears  are  more  closely  re¬ 
lated  to  each  other  in  this  regard  than  to  the  other  mammals,  while 
cows,  sheep,  goats,  deer  and  antelopes  form  another  closely  related 
group.  Seals  and  sea  lions  are  closer  to  the  carnivores  than  to  the  other 
mammals. 


Another  interesting  discovery  stemming  from  these  tests  is  that  there 
is  a  closer  relationship  among  the  modern  birds  than  there  is  among  the 
mammals,  for  all  the  several  hundred  species  of  birds  tested  so  far  give 

i  ,  ,  * ,  ,  serum  containing  antibodies  for 

chicken  blood.  The  tests  also  indicate  that  birds  are  more  closely  re- 
ated  to  the  turtle-crocodile  line  of  reptiles  than  to  the  snake-lizard 
line  which  corroborates  the  paleontological  evidence.  Similar  differences 

m  the  proteins  of  the  body  cells  can  be  detected  by  appropriate  tech¬ 
niques. 


Still  another  hit  of  evidence  of  relationship  between  living  organisms 
is  provided  by  the  fact  that  animals  and  plants  differ  in  their  suscep- 
.  ,t.°  c<“rt*m  diseases,  related  species,  generally  speaking  being 

vii  nerable  to  the  same  ones  (see  the  discussion  of  immunity,  p.  402)? 

Sl  simi.earitiees;,denCe  °f  Wood  is  chetl 


Since  the  kind  of  wastes  excreted  depends  upon  a  series  of  enzvme. 
which  act  on  a  corresponding  series  of  chemicals  and  since  the  enzvme 
are  determined  by  genes  which  have  been  selected  h„  ' 

Lne  genes  for  the  enzymes  necessary  tc 
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convert  this  to  allantoin,  urea  or  ammonia,  as  do  lower  animals.  This 
loss  has  also  made  him  susceptible  to  gout,  a  disease  caused  by  the  ac¬ 
cumulation  of  uric  acid  crystals  in  the  joints  and  muscles. 


ABC  D 

Fig  ».  Embryos  of  lower  vertebrates:  A,  fish:  B,  salamander: 

that  the  earliest  stages  of  development  (top  row)  are  >«•*•*  ™ 
ences  become  more  marked  as  development  proceeds  (middle  and  bott 


3.  The  Embryologic  Evidence.  The  embryologic  evidence  of  the^reb- 

tionship  between  animals  is  even  mores  Inking  an  growth, 

donee  of  the  ad nit forms.  In  fact,  , it  is 

vertebrate  embryos  (Tig.  23  ,  •  ‘  ,  •  ,  •_  or  human  from  a 

difficult  to  differentiate  that  of  a  fish,  frog,  >  P  & 
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mixed  group.  The  reason  for  this  is  clear:  the  early  embryonic  stages 
of  all  of  them  are  relatively  simple,  because  the  phenotypic  eltects  ot 
most  genes  are  not  manifested  until  later  in  development. 


the  later  stages  have  many  common  characters.  (Lindsay:  Evolution  and  Genetics  Aft 
Komanes;  Darwin  and  After  Darwin,  by  permission  of  tbe  Open  CourtPuufshblg  Company ! 

f  ®eca“.se  many  tower  adult  animals  closely  resemble  their  embryonic 

ment  the T S  ,miSt,akenly  belleved  for  a  long  time  that  during  develop- 
lent  the  higher  forms  recapitulated  or  repeated  the  id. .it  t  » 

lower  animals — that  is,  the  members  of  each  species  were  Li  d  , 

repeat  the  stages  by  which  the  species  has  evolved 
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dition.  The  German  biologist  Haeckel  expressed  this  idea  in  1866  as  the 
theory  of  recapitulation.  The  concept  was  extremely  important  in  stim¬ 
ulating  research  in  embryology  in  a  wide  variety  of  species  and  in  em¬ 
phasizing  the  general  resemblance  between  embryonic  development  and 
the  evolutionary  process,  but  it  is  now  known  that  the  embryos  of 
higher  forms  resemble  the  embryos,  not  the  adults,  of  lower  forms.  Ob¬ 
viously,  in  recapitulating  its  evolutionary  history  in  a  few  days,  weeks 
or  months,  an  embryo  must  skip  some  steps  and  distort  others;  and 
then,  too,  later  in  development  the  embryos  of  some  of  the  higher  ani¬ 
mals  exhibit  structures  not  present  in  their  ancestral  counterparts,  which 
enable  them  to  develop  in  a  new  type  of  environment.  Thus  mam¬ 
malian  embryos,  although  they  have  many  early  characteristics  in  com¬ 
mon  with  those  of  fish,  frogs  and  reptiles,  give  rise  to  additional  struc¬ 
tures  which  allow  them  to  survive  and  develop  within  the  uterus  of  the 
mother  rather  than  in  an  egg  shell.  These  newer,  secondary  traits  fre¬ 
quently  modify  the  original  characteristics  common  to  both  high  and 
low  forms,  so  that  the  resemblances  are  blurred.  The  concept  of  re¬ 
capitulation  cannot  be  applied  rigorously  to  development,  but,  as  modi¬ 
fied,  it  does  explain  many  otherwise  inexplicable  events. 

It  is  believed,  with  what  appear  to  be  good  reasons,  that  the  original, 
single-celled  fertilized  egg,  which  is  the  beginning  of  development  for  all 
3,iiini^ls  resembles  the  protozoan  ancestor  common  to  them  all.  This, 
of  course,  can  be  no  more  than  a  reasonable  guess,  since  no  one  knows 

the  nature  of  that  first  bit  of  living  stuff. 

It  is  known  with  certainty,  however,  that  in  the  second,  blastula 
stage,  the  developing  egg  of  all  animals*  resembles  such  colonial 
protozoa  as  Volvox.  And  in  the  third,  gastrula  stage,  it  can  be  com¬ 
pared  to  the  basic  structural  plan  of  the  coelenterates,  having  two  layers 
of  cells  with  a  hollow  cavity  connected  to  the  outside  by  a  single 


After*  the  gastrulation  stage,  development  follows  one  of  two  mam 
lines-  in  one  (the  echinoderms  and  chordates)  the  blastopore— the  open¬ 
ing  from  the  gastrular  cavity— becomes  the  anus,  or  comes  to  he  near 
the  anus-  in  the  other  (the  annelids,  molluscs,  arthropods  and  others)  the 
blastopore  becomes  the  mouth,  or  comes  to  lie  near  the  mouth 

In  both  lines,  a  third  layer  of  cells-the  mesoderm-  deve  ops  be¬ 
tween  the  ectoderm  and  entoderm.  In  the  chordate-echinoderm  line  this 
develops,  at  least  in  part,  as  pouches  or  evaluations  from  the  primitive 
digestive  tract,  while  in  the  annelid  line  the  mesoderm  originates  from 

<;nprial  cells  differentiated  early  in  development. 

Shortly  after  the  appearance  of  the  mesoderm  all  chorda  e  em  ry 
Shortly  a  l  cQrd  ag  well  as  a  notochord— the  internal 

develop  a  dorsal  h  d  perforations  in  the  pharynx  (the  gill 

fishUkJ  heart  with  a  single  Cwlgging  it-  Later 

or  fish  kidney  and  a  tail  complete  o;  its  giu  sIits  dose;  the 

Lte"hemake°upe-h  vertebra  and  which  had  been  separate,  as  in 
•  All,  that  is,  which  ever  progress  to  the  multiple-cell  stage. 
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fish  embryos,  fuse;  a  new  kidney— the  mesonephros— forms,  and  the 
pronephros  disappears;  and  the  auricle  becomes  divided  into  right  and 
left  chambers.  Still  later  the  human  embryo  develops  a  mammalian, 
four-chambered  heart,  and  a  third,  completely  new  kidney,  while  the 
notochord  regresses,  and  so  on.  During  the  seventh  month  of  intra¬ 
uterine  development  the  human  embryo  resembles— in  being  completely 
covered  with  hair  and  in  the  relative  size  of  body  and  limbs — a  baby 
ape  more  than  it  does  an  adult  human. 

The  genetic  reason  for  the  phenomenon  of  recapitulation  is  as  follows. 
All  chordates  have  in  common  a  certain  number  of  genes  which  regulate 
the  early  developmental  processes.  JL5ut  as  our  ancestors  evolved  from 
fish,  through  amphibian  and  reptilian  phases,  they  accumulated,  by 
mutations,  many  new  characteristics,  though  some  of  the  genes  for  the 
original  fish  form  were  retained.  The  latter  group  of  genes  still  control 
early  development.  Then,  a  little  later,  the  genes  which  the  human 
being  still  shares  with  amphibians  influence  the  course  of  development, 
so  that  the  animal  resembles  a  frog.  This  process  is  repeated  when  the 
“reptilian”  genes  come  into  control  still  later.  Only  after  all  these  stages 
are  passed  do  the  peculiarly  mammalian  genes  assert  their  influence,  and 
the  special  primate  characteristics  are  still  later  in  appearing.  The  an¬ 
thropoid  apes,  which  have  the  most  immediate  ancestors  in  common 
with  us,  naturally  have  the  most  genes  in  common  with  us  too,  and 
therefore  their  development  is  almost  identical  with  ours  except  for  the 
final  details.  A  pig  or  rat,  whose  ancestors  are  the  same  as  ours  only  up 
to  the  primitive,  placental  mammal  or  insectivore  stage,  has  fewer  genes 
in  common  with  us,  and  hence  developmental  processes  that  diverge  at 
an  earlier  time.  All  this  is  only  to  say  that,  in  general,  the  earliest  char¬ 
acters  to  appear  in  development  are  those  distinguishing  phyla;  then 
those  distinguishing  classes,  orders,  families  and  genera,  and,  at  the  very 
last,  the  characteristics  which  distinguish  species. 

4.  The  Genetic  Evidence.  The  selection  and  breeding  of  domesticated 
animals  and  cultivated  plants  for  the  past  several  thousand  years  pro¬ 
vide  us  with  models  of  how  some  of  the  evolutionary  forces  operate  All 
the  varieties  of  present-day  dogs  are  descended  from  one  or  a  few  re- 
lated  species  of  wild  dog  or  wolf,  and  yet  they  vary  tremendously  in 
many  charactenstics.  Compare,  for  example,  the  size  of  the  chihuahua 

'"'ll  St,'  ®ernard  or  Great  Uane;  tlle  head  shape  of  the  bulldog  and 
collie;  the  body  proportions  of  the  cocker,  dachshund  and  Russian  wolf¬ 
hound.  It  these  varieties  were  found  in  the  wild,  they  would  undoubtedlv 
be  assigned  to  different  species,  and  perhaps  even  to  different  genera 
t  since  all  are  known  to  come  from  common  ancestors,  and  since  all 
e  mterfertile,  they  are  regarded  as  varieties  or  races  of  a  single  species 
c  Phmt  breeders  who  developed  the  present  varieties  of  cultivated 
plants  have  similarly  produced,  by  selection  and  interbreeding  a  tr, 
mendous  variety  of  plants  from  one  or  a  few  forms  The  cliff  c»ll 
for  example,  which  still  grows  wild  in  Fmm  .  °  ?i  C'lff  cabbaSe. 
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sistant  to  drought,  to  rusts,  and  so  on.  The  cultivated  species  of  tobacco 
has  been  traced  back  to  a  cross  between  two  species  of  wild  tobacco; 
corn  has  been  traced  to  teosinte  (a  grasslike  plant  growing  wild  in  the 
Andes  and  Mexico) ,  and  so  on.  Breeding  experiments  and  observations 
indicate  that  species  are  not,  as  Linnaeus  believed,  unchangeable  bio¬ 
logical  entities,  each  of  which  was  created  separately,  but  groups  of 
organisms  which  have  arisen  from  other  species  and  which  can  give  rise 
to  still  others. 

Another  type  of  genetic  evidence  is  provided  by  microscopic  cyto- 
logical  studies  of  a  variety  of  plants  and  animals — fruit  hies,  jimson 
weeds,  primroses,  and  so  on.  These  investigations,  by  showing  the  num¬ 
ber  of  chromosomes  and  certain  details  of  their  structure  and  arrange¬ 
ment,  indicate  as  clearly  as  do  breeding  experiments  that  living  things 
are  related  and  have  evolved  from  earlier  forms. 

5.  Evidence  from  the  Geographic  Distribution  of  Organisms.  Not  all 
plants  and  animals  are  found  in  all  parts  of  the  world;  they  are  not  even 
found  everywhere  that  they  could  survive,  as  one  would  expect  if 
climate  and  topography  were  the  only  factors  determining  distribution. 
Central  Africa,  for  example,  has  elephants,  gorillas,  chimpanzees,  lions 
and  antelopes,  while  Brazil,  with  a  similar  climate  and  other  environ¬ 
mental  conditions,  has  none  of  these,  but  does  have  prehensile-tailed 
monkeys,  sloths  and  tapirs.  The  present  distribution  of  organisms  is 
understandable  only  on  the  basis  of  the  evolutionary  history  of  each 


^The  range  of  a  given  species — that  is,  the  portion  of  the  earth  in 
which  it  is  found— may  be  only  a  few  square  miles  or,  as  with  man, 
almost  the  entire  world.  In  general,  closely  related  species  do  not  have 
identical  ranges,  nor  are  their  ranges  far  apart;  they  are  usually  adjacent, 
but  separated  by  a  barrier  of  some  sort,  such  as  a  mountain  or  a  desert 
As  one  would  expect,  regions  which  have  been  separated  from  th&rest 
of  the  world  for  a  long  time  (such  as  Australia  and  New  Zealand)  have 
a  flora  and  fauna  peculiar  to  them.  Australia  has  > 

Hon  of  monotremes  and  marsupials  found  nowhere  else.  1  his  is  because, 
during  the  Mesozoic,  Australia  was  isolated  from  the  rest  of  the  wor  , 
so  hit  its  primitive  mammals  never  had  any  competition  from  the 

threat,  the  primitive of  »he  different  habitats  available. 

- 

^Wdle“  o^Pand  never  have  been^attacl hed 

Because  of  their  isolation,  t  leu  j  xhe  plants  and  animals 

to  some  extent  of  species  found  nowhere  e  s  .1  ^  yoyage  of  the 

of  the  Galapagos  Islands,  studie  *  est  mainland— the  coast  of  Ecua- 
Beagle,  are  similar  to  those  on  ancestors  had  flown,  swum  or 

dor,  some  500  ^“^^“frogs  or  toads  on  the  Galapagos,  even 
been  transported.  There  are  8  f  such  creatures,  be- 

S»  survive  being  exposed  to 
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sea  water,  an  inevitable  experience  for  any  animal  migrating  to  the 
islands.  There  are  no  terrestrial  mammals,  either,  although  there  are 
many  bats,  as  well  as  land  and  sea  birds.  A  number  of  species  of  giant 
lizards  and  giant  turtles  also  inhabit  the  island,  some  living  on  but  a 
single  island  of  the  archipelago.  The  occurrence  of  these  particular 
forms — closely  related  to,  yet  not  identical  with,  those  of  the  Ecuador 
coast — suggests  strongly  that  after  the  first  animals  and  plants  arrived 
on  the  islands,  mutations  took  place  which  changed  the  species  slightly, 
and  that  these  changes  were  retained  because  of  isolation.  Tt  is  almost 
impossible  to  doubt  that  these  forms  offer  a  good  example  of  one  phase 
of  the  evolutionary  process. 

Consider  another  type  of  distribution  evidence.  In  all  the  world,  alli¬ 
gators  are  found  only  in  the  rivers  of  the  southeastern  United  States, 
and  in  the  Yangtse  River  of  China,  and  sassafras,  tulip  trees  and  mag¬ 
nolias  grow  only  in  the  eastern  United  States,  Japan  and  eastern  China. 
There  seems  to  be  no  logical  reason  for  this  situation,  except  the  one 
provided  by  the  facts  of  geology.  It  is  known  that  early  in  the  Cenozoic 
the  northern  hemisphere  was  much  flatter  than  it  is  now  and  the  North 
American  continent  was  connected  with  eastern  Asia  by  a  land  bridge 
at  Bering  Strait,  and  possibly  with  Greenland.  The  climate  of  this  re¬ 
gion  was  much  warmer  than  at  present,  and  fossil  evidence  shows  that 
alligators,  magnolia  trees  and  sassafras  were  distributed  over  the  entire 


region.  Later  in  the  Cenozoic.  as  the  Rockies  increased  in  height,  the 
western  part  of  North  America  became  colder  and  dry,  causing  the 
plants  adapted  to  a  warm,  humid  climate  to  become  extinct.  Then,  with 
the  Pleistocene  glaciations,  the  ice  sheets  moving  from  the  north  met 
the  desert  and  mountain  regions  in  western  North  America,  eliminating 
any  surviving  temperate  plants;  and  in  Europe  the  polar  glaciations 
nearly  met  the  glacier  spreading  from  the  Alps,  so  that  many  of  the 
teny^rate  plants  there  became  extinct.  But  in  the  southeastern  United 
States  and  eastern  China  there  were  regions  untouched  by  the  glaciation, 
in  which  the  magnolia  trees  and  alligators  survived.  Because  the  alli- 
gators  and  magnolia  trees  of  the  two  regions  have  been  separated  for  a 
million  or  more  years,  they  have  followed  separate  evolutionary  path¬ 
ways,  and  so  are  slightly  different,  but  they  are  still  cl osel v '  related 
species  of  the  same  genera. 

The  facts  about  the  distribution  of  plants  and  animals  constitute  the 
science  of  b.ogeography,  one  of  the  basic  tenets  of  which  is  that  each 
spcmes  of  animal  and  plant  originated  only  once.  The  particular  place 

;ihr:r!  occurred  18  known  as  its  center  of  origin.  From  its  headquar¬ 
ters  each  species  spreads  out  until  halted  by  a  barrier  of  some  kind- 
P  y  Meal,  such  as  an  ocean  or  mountain,  environmental,  such  as  an  un¬ 
favorable  climate,  or  biological,  such  as  the  absence  of  food  or  the 

□eoT,h°elteer!my  Which  ^  il  »  “-pete  with  it  for 


The  Biogeographic  Regions.  Bv  studying  flora  and  f*„nn  oil 
world,  biogeographers  have  discovered  basiJ  m  tl.  Ti  .  'T  ' 
according  to  which  they  have  divided  the  land  '  °.  d,.str'bllt'0". 

WiSattsjaSSs 
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animals.  Note  in  the  following  discussion  that  the  areas  of  any  one 
division  are  often  widely  separated,  with  great  variations  of  climate  and 
topography.  The  one  and  only  characteristic  common  to  them  all  is 
accessibility,  at  some  time  in  the  past,  to  all  the  species  inhabiting  them. 

The  Palearctic  region  comprises  Europe,  Africa  north  of  the  Sahara 
Desert,  and  Asia  north  of  the  Himalaya  and  Nan-Ling  mountains,  plus 
Japan,  Iceland,  the  Azores  and  the  Cape  Verdes  Islands.  Some  of  the 
indigenous  animals  are  moles,  deer,  oxen,  antelopes,  sheep,  goats,  pheas¬ 
ants,  robins  and  magpies.  A  few  species  of  some  of  these  forms  are  also 
found  in  the  Nearctic  region. 

The  Nearctic  region  includes  only  Greenland  and  North  America  as 
far  south  as  the  northern  plateau  of  Mexico.  Besides  many  of  the  same 
forms  characteristic  of  the  Palearctic,  it  supports  species  of  opossums, 
skunks,  raccoons,  blue-jays  and  turkey  buzzards  found  nowhere  else. 
The  land  bridge  connecting  North  America  and  Asia  at  Bering  Strait  in 
former  geologic  times  was  used  by  many  migrating  animals  and  plants; 
hence  the  similarity  of  the  fauna  and  flora  of  the  Palearctic  and  Nearctic 
regions.  Because  the  two  regions  have  such  similar  forms,  they  are  often 
referred  to  in  combination  as  the  Holarctic  region. 

The  Neotropical  region  consists  of  South  America,  Central  America, 
southern  Mexico  and  the  islands  of  West  Indies.  It  has  a  distinctive 
fauna,  including  alpacas,  llamas,  prehensile-tailed  monkeys,  bloodsucking 
bats,  sloths,  tapirs,  anteaters  and  a  host  of  bird  species  found  nowhere 


else  in  the  world. 

The  part  of  Africa  south  of  the  Sahara,  plus  the  island  of  Madagascar, 
makes  up  the  Ethiopian  region.  The  gorilla,  chimpanzee,  zebra,  rhi¬ 
noceros,  hippopotamus,  giraffe,  aard-vark  and  many  birds,  reptiles  and 

fishes  live  only  in  this  region.  . 

The  Oriental  region  includes  India,  Ceylon,  Indo-Chma,  southern 
China,  the  Malay  peninsula  and  some  of  the  islands  of  the  East  In  les. 
Outstanding  of  the  animals  peculiar  to  it  are  the  orang-utan,  black 

panther,  Indian  elephant  and  gibbon.  .  ,  A  . 

The  sixth  and  last  region,  called  the  Australian,  includes  Austral 
New  Zealand.  New  Guinea  and  other  islands  of  the  East  Indies.  The 
imaginary  dividing  line  between  the  Oriental  and  Australian  rtp«. 
known  as  Wallace’s  Line,  separates  Bali  and  Lombok.  goes  throng  i  e 
straits  of  Macassar  between  Borneo  and  Celebes,  and  then  passes  east 
of  the  Philippines.  Although  the  islands  of  Bali  and  Lombok  are  sep¬ 
arated  only  by  a  channel  20  miles  wide,  their  respective  animals  and 
oiants  are' more  unlike  than  are  those  of  England  and  Japan-almost 
f  ”*,?  apart  Native  to  the  Australian  region  are  the  duck-b,  led 
platypus  kangaroo,  wombat,  koala  bear  and  other  marsupials  An 
S  its  strange  assortment  of  birds  are  the  emu  and  cassowary  (both 
flightless  birds) ,  the  lyre-bird  and  cockatoo. 

Every  aspect  of 

the  puzzle  of  how  things  go  ns  .  ,  itself  provides  proof 

that  of  the  foregoing  types  of  evidence  none^  “  Zwever  and 
positive  that  evolution  has  occurred  Taken  together^  ^  ^  ^ 
added  to  the  evidence  provided  by  paleontol  gy. 
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of  a  reasonable  doubt  that  the  present  forms  of  life  have  evolved  from 
other,  quite  different  ones.  And  many  of  the  facts  of  physio  ogy,  10- 
chemistry  and  embryology  can  be  interpreted  meaningfully  only  in  the 
light  of  the  theory  of  organic  evolution. 

QUESTIONS 


1.  Give,  briefly,  the  various  types  of  living  evidence  for  evolution.  Which  do  you  think 

is  the  strongest?  . 

2.  What  is  the  theory  of  recapitulation?  How  has  it  been  modified,  and  what  is  its  great 

significance  in  the  present  form? 

3.  Discuss  the  genetic  basis  of  the  theory  of  recapitulation. 

4.  Explain  why  the  marsupials  are  widespread  in  Australia  and  almost  nonexistent  else- 
where. 

5.  How  do  you  explain  the  fact  that  the  animals  and  plants  of  England  and  Japan  are 
similar,  though  they  are  nearly  half  a  world  apart? 

6.  What  additional  vestigial  organs  of  the  human  body  can  you  think  of? 

7.  If,  in  tracing  evolutionary  relationships,  you  found  that  anatomic  evidence  pointed  one 
way,  and  biochemical  evidence  the  other,  which  do  you  think  would  be  the  more  reliable? 
Why? 
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CHAPTER  29 


THE  EVOLUTION  OF  MAN 


NOW  THAT  WE  have  reviewed  the  highlights  of  the  evolutionary 
process  preceding  man’s  appearance  on  the  scene,  we  are  in  a  posi¬ 
tion  to  understand  why  man  is  classed  in  the  phylum  Chordata,  sub¬ 
phylum  Vertebrata  and  class  Mammalia.  We  have  only  to  pick  up  the 
thread  of  the  story  where  we  left  it  with  the  emergence  of  the  mammals 
and  follow  it  through  to  the  present.  When  we  have  finished  we  shall 
see  why  man  belongs  also  to  the  order  of  mammals  called  the  Primates, 
the  family  Hominidae,  the  genus  Homo  and  the  species  sapiens.  To  do 
this,  we  must  begin,  not  with  man’s  emergence  in  his  present  form  in  the 
Pliocene  or  Pleistocene  (the  exact  time  of  the  event  is  unknown),  but 
with  the  development  of  the  primates  in  the  Eocene.  But,  first,  let  us 
take  a  quick  glance  at  all  the  kinds  of  primates  existing  today. 


I.  MAN  AND  THE  OTHER  PRIMATES 

The  taxonomist  Linnaeus  used  the  term  “primate,”  meaning  “first,” 
to  indicate  that  this  group  of  animals  was  of  first  importance.  Although 
this  viewpoint  was  naive,  the  name  is  appropriate,  for  the  primates  were 
probably  among  the  first  orders  of  mammals  to  become  distinct,  and 
they  are  still  much  closer  than  many  mammals  to  the  original,  primitive, 
shrewlike  ancestor  common  to  them  all.  This  fact  is  sometimes  expiessed 
by  saying  that  the  primates  are  unspecialized,  for,  in  spite  of  their  con¬ 
venient  prehensile  limbs,  large  brains  and  eyes  directed  forward,  their 
limbs  still  end  in  five  digits,  and  their  teeth  are  unadapted  for  eating 
any  one  particular  kind  of  food. 

The  most  primitive  of  the  primate  suborders  is  made  up  of  the  lemurs 
(Fig  234)  which  live  in  the  tropics  of  Africa  and  Asia  and  are  especially 
abundant  on  the  island  of  Madagascar.  They  are  small,  tree-living  ani¬ 
mals,  superficially  rather  like  squirrels,  with  a  fairly  long  muzzle  eyes 
directed  more  to  the  side  than  forward,  and  a  well-developed  tail.  Al¬ 
though  some  of  the  toes  end  in  claws,  the  thumbs  and  big  toes  are  cov¬ 
ered  by  nails  and  are  widely  separated  from  the  other  digits.  . 

The  second  suborder  of  the  primates  is  represented  today  by  a  sing  e 
species  of  arboreal,  nocturnal  animal,  called  Tarstus  found  m  the  East 
Indies  Tars, us  is  about  the  size  of  a  rat,  but  has  long  hind  egs  and 
moves  by  hopping.  It  is  characterized  by  enormous  eyes  directed 
ward,  and  a  relatively  large  brain.  The  muzzle  is  short,  illustrating 
hpo-innincr  of  the  kind  of  face  common  to  the  higher  primates. 

The  third  s-iborder,  An.hropoidec,  includes  all  the  rest  of  the  primates 
nkpvs  aoes  and  man  These  animals  have  a  larger  and  more  com 
plicated^rai^than  the  other  primates,  eyes  directed  forward  to  provide 

"SUrrP’eciai!yaac.de.  Most  Vt  the  anthropoids  normally  walk 
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on  all  fours,  but  all  of  them  tend  to  sit  upright,  so  that  the  hands  are 

free  to  handle  objects.  , 

The  suborder  Anthropoidea  is  subdivided  into  two  groups,  the  Platyr- 
rhines,  or  broad-nosed  monkeys,  found  in  South  and  Central  America, 
which  have  widely  separated  nostrils,  directed  forward  and  sideward, 
giving  the  nose  a  broad,  flat  appearance;  and  the  Catarrhines,  charac¬ 
terized  by  a  much  narrower  nose  with  the  nostrils  closer  together  and 

directed  downward.  . 

The  platyrrhines  represent  a  group  of  primates,  isolated  in  South 

America  during  the  Tertiary,  that  underwent  an  evolution  independent 
of  the  other  primates.  Living  platyrrhines  are  the  marmoset,  or  squirrel 
monkey;  the  capuchin  monkey — the  organ-grinder  s  companion,  and  the 
spider  monkey  (Fig.  235) .  Most  of  the  platyrrhines  have  a  well-devel¬ 
oped  prehensile  tail  used  as  a  fifth  hand  for  grasping  objects  and  hang¬ 
ing  from  trees,  and  the  group  is  sometimes  called  the  prehensile-tailed 
monkeys. 

The  catarrhines  include  three  groups — Old  World  monkeys,  anthropoid 
apes  and  man — all  of  which  have  the  same  dental  formula,  a  large  brain, 
toes  and  fingers  with  flattened  nails,  and  either  a  short,  nonprehensile 
tail  or  none.  The  group  of  Old  World  monkeys  is  large,  including  the 
macaque,  guenon  (Fig.  236) ,  mandrill,  mangabey,  baboon,  langur,  pro¬ 
boscis  monkey  and  many  others.  All  these  monkeys  tend  to  sit  upright, 
and  all  have  buttocks  with  bare,  hardened  sitting-pads,  called  ischial 
callosities,  which  are  frequently  a  brilliant  red  or  blue.  The  mandrills 
and  baboons  have  taken  to  living  on  the  ground  instead  of  in  trees,  but 
they  walk  on  all  fours,  have  an  elongated  snout  and  large  canine  teeth. 
Baboons  are  intelligent  animals  which  travel  in  troops  and  cooperate 
in  obtaining  food  and  protecting  the  females  and  young. 

The  second  group  of  catarrhines — the  anthropoid  or  manlike  apes — 
includes  four  living  types:  the  gibbon,  orang-utan,  chimpanzee  and 
gorilla.  These  apes  have  rudimentary  tails  or  none  at  all,  arms  longer 
than  their  legs,  a  semierect  posture,  opposable  thumbs  or  great  toes, 
and  chests  that  are  broad  like  man’s  rather  than  thin  and  deep  like  that 
of  most  mammals.  Their  brains  are  larger  than  those  of  the  lower 
primates  and  more  like  man’s  in  the  pattern  and  relative  size  of  the 


parts.  They  range  in  size  from  the  3  foot  gibbon  to  the  gorilla,  which 
is  6  feet  tall  and  weighs  as  much  as  600  pounds. 

Gibbons  (Fig.  237),  found  in  Malaya,  have  arms  so  long  that  they 
reach  the  ground  when  the  animal  walks  erect.  The  usual  mode  of  loco¬ 
motion,  called  brachiating  (“arming”) ,  is  by  swinging  through  the  trees 
from  limb  to  limb,  which  allows  the  animal  to  clear  as  much  as  40  feet  at  a 
time.  The  spectacular  aerial  acrobatics  of  the  gibbon  require  great  agility 
coordination,  good  eyesight  and  the  ability  to  make  rapid  judgments 
of  distance  and  possible  landing  sites. 

The  orang-utan  (Fig  238)  is  a  native  of  Borneo  and  Sumatra.  Al- 
though  heavy  and  powerful,  the  animal  is  scarcely  5  feet  tall  because 
ot  its  short  legs.  An  adult  male  may  weigh  160  pounds  and  have  a  brain 

1500Cr?>  A°7A50(lloC--  (tHe  aVGr,age  Human  brain  caPacity  is  about 
1500  cc.)  Aided  by  their  enormously  long  arms,  sometimes  with  a  span 

ot  8  feet,  orang-utans  are  successful  arboreal  animals,  but  because  of 


Fig.  234.  Ring-tailed  lemur,  one  of  the  most  primitive  of  living  primates 
(Courtesy  of  the  San  Diego  Zoo.) 


their  great  weight  they  are  more  deliberate  in  their  movements  than  the 
gibbon,  and  must  test  the  strength  of  tree  branches  before  springing 

upon  them.  ,  , 

Chimpanzees  and  gorillas  both  live  in  Africa  and  have  many  charac- 

teristics  in  common,  in  addition  to  those  they  share  with  the  other 
anthropoid  apes;  there  is,  in  fact,  a  particularly  close  relationship  be¬ 
tween  them.  An  adult  chimpanzee  (Fig.  239)  weighs  about  110  pounds, 
and  is  between  5  and  5%  feet  tall.  Like  the  orang-utans,  chimpanzees 
build  nests  in  trees  at  night  and  for  noonday  siestas;  but  although  pri¬ 
marily  tree-dwellers,  they  are  quite  at  home  on  the  ground  for  their  leg 
are  longer  and  their  arms  shorter  than  those  of  an  orang.  In  recent  yea  , 
psychologists  such  as  Dr.  Robert  Yerkes  and  his  associates  at  the  Yale 
Laboratory  of  Primate  Biology  in  Winter  Park,  Florida,  have  made 
extensive  studies  of  the  mentality  and  behavior  of  the  great  ap«s  and 
of  chimpanzees  in  particular.  These  studies  show  that  apes  are  st 
ingly  curious,  perceptive  and  “reasonable,”  with  strong !  emo  mns  and 

well-devdoped  social  instinct.  Or .the ^^^ttoXence. 

ss 

LTght SproveC to^reten  more^teliigent Van  chimpanzees,  in  spite  of 
the  fact  that  they  are  less  docile,  imitative  and  suggestible. 
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Gorillas  (Fig.  240)  are  not  only  the  largest  of  the  primates;  they  are, 
weight  for  weight,  the  strongest— several  times  stronger  than  man.  the 
gorilla’s  legs  are  relatively  short,  the  arms  are  more  human  in  their 
proportions  than  those  of  the  other  apes,  and  the  hands  are  relatively 
short  and  wide— quite  like  human  hands.  The  massive  head  has  large, 
bony  crests  on  top  of  the  skull  for  the  attachment  of  the  neck  and  jaw 
muscles.  Gorillas,  too,  are  ground-dwellers,  although  they  occasionally 
build  sleeping  nests  in  low  trees,  and  have  feet  adapted  foi  walking 
rather  than  for  swinging  through  the  trees.  Like  man,  they  walk  on 
the  soles  of  the  feet  with  the  toes  extended,  rather  than  curled  under, 
in  the  fashion  of  the  other  apes.  Normally,  gorillas  walk  on  all  fours. 


Fig.  23.5.  Spider  monkey,  a  New-World  monkey  with  a  strong  prehensile  tail,  used 
in  swinging  from  tree  to  tree.  (Courtesy  of  the  San  Diego  Zoo.) 


Fig.  236.  Old  World  monkeys 
(De  Brazza  guenons) ;  an  adult 
pair  and  a  six-month  old  in¬ 
fant.  (Courtesy  of  the  San 
Diego  Zoo.) 


Fig.  237.  An  anthro¬ 
poid,  the  white-banded 
gibbon.  These  apes  use 
their  long  arms  to  swing 
from  tree  to  tree  with 
great  agility.  (Courtesy 
of  the  San  Diego  Zoo  ) 


Fig.  238.  An  eight  year  old  male 
orang-utan.  Note  the  opposable 
big  toe  on  the  handlike  foot. 
(Courtesy  of  the  San  Diego  Zoo.) 


Fig.  239.  An  adult  female 
chimpanzee  and  her  sixteen 
month  old  child.  (Courtesy  of 
the  San  Diego  Zoo.) 
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but,  when  attacking,  they  usually  rear  up  on  their  hind  legs.  Although 
they  will  accept  meat,  they  are  ordinarily  vegetarians,  preferring  such 
foods  as  bananas,  carrots  and  nuts. 

Man,  the  last  of  the  giant  apes,  is  placed  in  a  different  family 
(Hominidae) .  Although  the  gulf  may  appear  to  be  great  between  the 
apes  and  ourselves,  the  anatomical  differences  distinguishing  us  from 


,  240.  M bongo,  an  adult  tnale  mountain  gori.la.  When 

L  years  old  and  weighed  <XK  pwLMh "  0“ head,  peculiar 

01  western  Atriea.  (Conrtesy  of 

lan  Diego  Zoo.) 


them  are  relatively  few;  almost  every 

blood  vessel  of  the  ape  is  repeated  m  man  The  d.fference  a«  p 

those  of  proportion  and  placed  m  a^epamte 

life.  These  differences,  “  [arger  being  two  and  a  half 

family,  are  as  follows.  (  )  The  human  nose  has  a  prom- 

IgzxrzTZSl'Sil  V  »  ~  *  - 
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a  median  furrow,  and  his  lips  are  rolled  outward,  revealing  the 
membranes.  (4)  Man  has  a  jutting  chin,  and  apes  have  none.  (5)  M 
great  toe  is  not  opposable,  but  is  in  line  with  the  others.  (6)  i  he  human 
foot  is  adapted  for  bearing  weight  by  being  arched  both  lengthwise  and 
crosswise.  (7)  Man  is  relatively  hairless.  (8)  Man  s  canine  teeth  pro¬ 
ject  little,  if  at  all,  beyond  the  line  of  the  other  teeth.  (9)  Man  has  an 

erect  posture.  ,  .  . 

No  single  ape  resembles  man  in  all  traits  more  than  do  the  rest;  some 

are  closer  in  certain  respects,  some  in  others.  The  gorilla,  for  instance, 
has  hands,  feet  and  a  pelvis  more  like  man’s  than  are  those  ol  any 
other  ape,  but  the  chimpanzee’s  skull  and  skin  color  are  the  most  like 
the  human  being’s.  The  orang-utan  is  the  only  ape  to  have  exactly  the 
same  number  of  ribs  that  we  have,  and  it  also  has  our  high  forehead, 
while  the  gibbon  most  closely  resembles  us  in  the  relative  length  of  its 
legs,  in  its  posture  and  its  gait  on  the  ground.  In  regard  to  any  structure 
or  proportion,  the  difference  between  man,  the  gorilla  and  the  chim¬ 
panzee  is  not  so  great  as  the  difference  between  any  of  these  animals 
and  the  monkeys. 

II.  FOSSIL  PRIMATES 

The  earliest  known  primate  fossils  are  those  of  lemuroids  and  tar- 
sioids,  found  in  Paleocene  rocks  in  both  North  America  and  Europe. 
These  animals  are  believed  to  have  descended  from  the  tree-living 
insectivores  of  the  late  Cretaceous,  which  resembled  present-day  tree 
shrews.  Since  that  time  the  lemurs  have  evolved  separately  and  have  not 
given  rise  to  any  other  forms.  The  tarsioids,  in  contrast,  gave  rise  to 
both  New  and  Old  World  monkeys,  each  of  which  evolved  separately 
from  different  tarsioids  during  the  Eocene.  The  New  World  monkeys 
have  had  a  separate  evolutionary  history  since  the  Eocene  and  repre¬ 
sent  side  branches  rather  than  segments  of  the  main  evolutionary  trunk 
leading  to  man. 

The  oldest  Old  World  monkey,  Parapithecus,  fossils  of  which  have 
been  found  in  Lower  Oligocene  rocks  in  Egypt,  was  smaller  than  any 
modern  monkey  or  ape,  and  was  near  the  stem  leading  to  man  (it  had 
the  same  dental  formula) .  1  his  animal  probably  represents  the  common 
ancestor  of  todays  Old  ^orld  monkeys,  anthropoid  apes  and  man. 
I  rom  this  point,  the  evolution  of  the  modern  Old  World  monkeys  di¬ 
verged  from  that  of  the  higher  primates. 

The  rocks  of  the  Lower  Oligocene  also  contain  fossils  of  the  first 
anthropoid  ape,  named  Propliopithecus,  which  probably  descended  from 
Parapithecus  and  was  close  to  the  common  ancestor  of  man  and  all 
anthropoid  apes.  This  little  gibbon-like  animal  showed  the  first  adapta¬ 
tion  toward  an  upright  sitting  posture  which  characterizes  the  apes  as 
well  as  gibbons.  (In  all  apes  the  tail  has  disappeared,  and  the  muscles 
which  formerly  wagged  the  tail  have  spread  out  to  cover  the  floor  of 
the  pelvis  and  help  support  the  abdominal  organs.)  Another  human¬ 
like  characteristic  of  Propliopithecus  was  the  balanced  position  of  the 
skull  on  the  end  of  the  vertebral  column. 

During  the  Miocene,  giant  primates  evolved  from  these  nrimitivP 
anthropeds,  and  by  the  middle  of  that  epoch  the  evolutionary  ii^es 
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leading  to  the  various  types  of  modern  anthropoids  were  distinct.  The 
orang-utans  probably  differentiated  from  the  common  stock  earlier  than 
the  others,  for  fossils  ol  the  ancestor  of  the  orang-utan,  Paleosimia,  have 
been  found  in  India  in  Miocene  deposits. 

The  animal  which  comes  closest  to  being  the  common  ancestor  of  the 
gorilla,  chimpanzee  and  man  is  Dryopithecus  (Fig.  241),  an  anthropoid 
ape  of  the  Miocene  with  characteristics  found  today  only  in  these  three 
groups.  Thus  the  line  which  eventually  gave  rise  to  modern  man  has 
been  separate  from  those  leading  to  the  present-day  apes  for  about  25,- 
000,000  years.  Just  when  man’s  ancestors  left  the  trees  and  took  up  a 
terrestial  life,  and  what  the  stimulus  for  this  move  was,  are  still  not 
known.  Although  the  primate  fossil  record  is  relatively  scanty,  more 
fossils  of  this  stage  in  evolution  have  been  found  in  the  past  twenty 
years  than  ever  before,  and  it  is  possible  that  in  the  future  the  fossil 
record  will  supply  answers  to  these  questions. 

In  recent  years,  fossils  of  manlike  apes  dating  from  the  Pleistocene  or 
late  Pliocene  have  been  found  in  the  Transvaal,  South  Africa.  Although 
the  animals  which  left  these  remains  existed  too  recently  to  be  man’s 
ancestors,  they  probably  represent  a  structural  stage  just  preceding 
that  of  man,  and  may  indeed  be  descendants  of  the  immediate  human 
ancestor  that  survived  unchanged  from  man’s  Pliocene  ancestors. 

One  of  these  Pleistocene  fossils,  found  in  1938  and  named  Paran- 
thropus,  has  a  skull  shape  and  profile  essentially  apelike,  but  its  brain 
capacity  is  650  cc.,  greater  than  that  of  any  known  ape,  and  almost  as 
large  as  that  of  the  earliest  fossil  ape-man.  Its  cheekbone,  jaw-hinge 
and  teeth  are  almost  identical  with  man’s.  And  the  foramen  magnum 
(the  hole  in  the  back  of  the  skull  through  which  the  spinal  cord 
emerges)  is  like  man’s  in  being  far  under  the  skull,  indicating  that  the 
animal  walked  more  nearly  erect  than  the  apes  do. 


III.  FOSSIL  APE-MEN 

Although  several  fossil  apes  exhibit  human  characteristics,  none  of 
them  has  the  enlarged  brain  characteristic  of  man.  Intermediate  be¬ 
tween  the  fossil  apes  and  living  man  were  a  number  of  creatures  whose 
remains  have  been  found  in  widely  scattered  regions  of  Europe,  Asia 
and  Africa.  These  remains  are  mostly  pieces  of  skul ,  F «*>' ones  “nd 
teeth  although  some  other  skeletal  parts  have  been  found.  It  is  under 
standable  that  the  fossil  record  of  man’s  immediate  ancestors  is  inco 
plete  for  those  animals  were  too  intelligent  to  be  caught  in  quicksands 
and  being  primarily  forest-dwellers,  their  dead  bodies  must 
have  b  n  quk’kly  anYcomplefely  devoured  by  other  animals.  Further- 

lines  of  human-like  creatures  ^  ^  ^hich  distinguish  man 

human  in  some  respects,  tkey  are 

apelike  in  others. 


Fig.  241.  Restored  skull  of  Dry opithecus ,  the 
fossil  “oak  ape,”  possibly  the  ancestor  common 
to  gorillas,  chimpanzees  and  man.  (Courtesy  of 
the  American  Museum  of  Natural  History,  New 
York.) 


Fig.  242.  Front  and  side  views  of  a  recon 
structed  skull  of  Peking  man,  Sinanthrapu, 
pekinensis.  Note  the  massive  bony  ridges  ovei 
the  eyes,  the  low,  retreating  forehead,  the  pro 
truding  jaws  and  the  absence  of  a  chin.  (Cour 
tesv  of  the  American  Museum  of  Natura 
History,  New  \7ork.) 
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1.  The  Java  Ape-Man  ( Pithecanthropus  erectus) .  One  of  the  most 
primitive  ape-men  was  Pithecanthropus,  the  Java  ape-man  whose  re¬ 
mains  were  found  in  Pleistocene  deposits  on  the  banks  of  the  Solo  River 
in  eastern  Java.  He  had  a  brain  capacity  of  about  940  cc.,  intermediate 
between  modern  man’s  1200  to  1500  cc.  and  the  600  cc.  of  the  gorilla. 
By  studying  casts  of  the  interiors  of  these  skulls,  the  contours  and  rela¬ 
tive  proportions  of  the  various  parts  of  the  brain  can  be  determined, 
and  apparently  Pithecanthropus  had  the  part  of  the  brain  which  con¬ 
trols  speech,  though  whether  he  actually  did  speak  is  unknown.  The 
frontal  lobes  of  the  brain,  which  were  the  last  parts  of  the  organ  to 
appear  in  evolution,  are  smaller  in  Pithecanthropus  than  in  man,  but 
larger  than  in  any  living  ape.  All  in  all,  Java  man’s  brain  was  much 
larger  and  more  convoluted  than  that  of  any  of  the  primitive  or  living 
apes  and  was  more  human  than  simian.  Reconstructions  from  the 
skeletal  parts  that  have  been  found  indicate  that  an  adult  was  about 
5  feet  8  inches  tall,  weighed  154  pounds  and  walked  erect.  His  face  was 
projecting  and  chinless,  his  jaws  were  massive  and  equipped  with  a  huge 
set  of  teeth  (although  the  canine  teeth  were  not  enlarged  tusks  as  in 
the  apes) ,  he  had  a  broad,  low-bridged  nose  and  a  heavy,  bony  ridge 
over  the  eyes.  It  is  probable  that  he  had  learned  to  use  and  make  tools, 
for  the  rock  strata  bearing  his  remains  also  contain  primitive  stone 
implements.  Pithecanthropus  is  believed  to  represent  the  remains  of  an 
archaic  type  which  originated  in  the  Pliocene  and  was  once  widespread 
throughout  Asia. 

Since  1891  when  the  first  specimens  of  Pithecanthropus  were  found, 
excavations  have  turned  up  several  more  Pithecanthropus  fossils,  as  well 
as  the  remains  of  a  larger  and  apparently  earlier  ape-man,  called  Megan- 
thropus,  which  is  possibly  a  direct  ancestor  of  the  so-called  Java  man. 

2.  Peking  Man  ( Sinanthropus  pekinensis)  .  Investigations  during  the 
early  1920’s  of  certain  limestone  caves  near  Peking,  China,  revealed 
many  animal  fossils,  among  them  two  teeth  which  had  belonged  to  a 
primitive  ape-man  of  the  middle  Pleistocene,  about  500,000  years  ago. 
Dr  Black  of  the  Peking  Medical  School  gave  the  name  Sinanthropus 
pekinensis  to  this  creature.  Further  excavations  in  these  caves  revea  ed 
parts  of  more  than  forty  individuals— males  and  females  old  and  yo  g 
-of  the  same  species.  It  is  now  possible  to  reconstruct  fairly  accurately 
what  this  ancient  ape-man  looked  like.  Sinanthropus  had  a  skull  much 
like  that  of  Pithecanthropus,  with  heavy,  bony  ndges  over  the  eyes  and 

i  ™  clontlnir  forehead  (Tijr  242).  H  s  jaw  was  massive,  chinless  and 
rather  apdike^nd  hi  nos'e  was  broad  andflat.  The  fact  that  the  remains 
f  ah'  in  tc>P  twr>e  distinct  groups,  one  composed  of  much  larger  spec.mens 
than  the  other  suggests  that  both  sexes  were  represented— the  larger 
Lhs"ls  belonging  to^he  males  the  smaller  to  thefcmd«-^  the 
difference  in  sire  ‘hem  "  the 

Sinanthropus  had  a  distinctly  Iar^  .  1075  cc  The  con- 

^foVShTith' "theVba  erbroken  open  suggests  that  Poking 
dition  of  the  skuus  w  in  tnc  .  ,  Peking  men  have 

Truer, pa  rhtlcTTcierrt  the  two  were  similar,  probably 


Fig.  243.  Fragments  of  the  skull  of  Piltdown 
man  recovered  from  Piltdown  Common.  Could 
you  deduce  from  these  fragments  what  the  man 
must  have  looked  like?  (See  Fig.  247.)  The 
object  in  the  lower  right  corner  is  not  a  piece 
of  skull,  but  a  flint  instrument  found  with  the 
remains.  (Courtesy  of  the  American  Museum 
of  Natural  History,  New  York.) 


Fig.  244.  Skull  cap  of  Neanderthal  man.  No 
the  heavy  eyebrow  ridges  to  the  right  and  tl 
extreme  thickness  of  the  bone.  (Courtesy  < 
the  American  Museum  of  Natural  Histor 
New  York.) 
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representing  two  races  of  a  single  species.  The  anthropologist  who  has 
studied  Sinanthropus  most  intensively,  Professor  Weidenreich,  found  that 
in  tifty-seven  out  of  seventy-four  characters  of  the  skull,  the  two  types 
are  identical;  in  regard  to  thirteen  characters  there  is  some  doubt  and 
in  only  four  characters  are  there  distinct  differences  (one  of  these  is  the 
difference  of  size) . 

A  curious  anthropological  story  is  that  of  Gigantopithecus ,  the  “Hong 
Kong  Drugstore  Giant.”  In  the  late  1930’s  the  investigator  von  Koenigs- 
wald  bought  a  number  of  fossil  teeth  in  a  Chinese  apothecary  shop,  some 
of  which  he  identified  as  those  of  an  orang-utan.  Three  of  them,  how¬ 
ever,  were  larger  than  those  of  any  known  primate.  Their  discoverer  and 
Weidenreich  believe  them  to  be  the  remains  of  a  giant  ape-man  which 
they  named  Gigantopithecus ,  related  to  the  Megantliropus  and  the  Java 
and  Peking  men. 

3.  Piltdown  Man  ( Eoanthropus  dawsoni ) .  Between  1908  and  1915  a 
British  lawyer  named  Dawson,  whose  hobby  was  collecting  fossils,  found 
a  number  of  skull  pieces  and  a  lower  jaw  in  gravel  pits  on  Piltdown  com¬ 
mon,  Sussex  (Fig  243) .  The  gravel  deposits  date  from  the  early  Pleis¬ 
tocene,  and  the  name  Eoanthropus  (dawn  man)  seemed  appropriate  for 
the  remains.  Although  the  bones  of  the  skull  are  thick  twice  as  thick 
as  those  of  modern  man — and  similar  to  those  of  the  Java  and  Peking 
man,  the  skull  is  much  like  that  of  present-day  man  in  other  respects: 
the  forehead  is  high,  there  are  no  ridges  over  the  eyes,  and  the  brain 
capacity  is  about  1350  cc.  But  the  lower  jaw  is  quite  like  a  chimpanzee’s, 
being  chinless  and  having  a  projecting  tusk  for  a  canine  tooth.  In  a 
number  of  other  characters  the  jaw  and  teeth  are  intermediate  between 
ape  and  man,  although  closer  to  the  human  form  than  to  that  of  the  ape. 
It  was  once  thought  that  the  skull  and  jaw  actually  belonged  to  two  dif¬ 
ferent  animals,  and  were  found  merely  by  coincidence  in  the  same  gravel 
pit  But  in  another  gravel  deposit  about  a  mile  from  the  first,  pieces  ot  a 
skull  like  those  of  the  original  Piltdown  discovery  were  found  in  close 
conjunction  with  a  large  canine  tusk  like  that  of  the  Piltdown  jaw  In 
1936  parts  of  a  similar  skull  were  unearthed  at  Swanscombe  in  the  valley 

The  ^aticmship  of  the  dawn  man  to  modern  man  is  in  dispute  Its 
original  described  Professor  Keith,  regards  it  as  an  early  offshoot  from 
the  main  line  of  elution  to  modern  man,  but  Professor  Hooton  believes 
it  to  be  closer  to  the  direct  evolutionary  line  leading  to  man  than  any 
f  \  sn  fnr  discovered  In  any  event,  the  fact  that  this  skull  is  like  our  , 
fossil  so  tar d >s< c  •  Pleisytocene,  so  that  it  was  either  contemporary 

yet  dates  from  the  < /‘^nd  Peking  men,  indicates  that  there  were 
tOCene'  IV.  FOSSIL  MEMBERS  OF  T1IE  GENUS  HOMO 

Neanderthal 

a  number  ot  the  to. .  •  I  i  j  lw  their  discoverers  in  the 

-  of  them  are  no 

more  manlike  than  the  Java  or  P.ltdown  men. 
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4  Heidelberg  Man  (Homo  heidelbergensis )  .  Since  the  lower  jaw  is 
only  part  of  the  so-called  Heidelberg  man  that  has  been  discovered  one 
cannot  jump  to  conclusions  in  regard  to  his  appearance.  But  the  jaw 
itself  is  interesting.  This  fossil,  buried  under  80  feet  of  sand  in  a  pit 
near  Heidelberg,  Germany,  is  remarkable  for  its  massiveness .  It  is  even 
larger  than  the  jaw  of  Piltdown  man  and  lacks  a  chin  but  in  the  nature 
and  arrangement  of  its  teeth  it  is  definitely  human  The  teeth  are  not 
exceptionally  large,  and  the  canines  do  not  protrude  beyond  the  other 
teeth,  as  they  do  in  the  Java  and  Piltdown  men,  as  well  as  m  the  apes. 
The  pulp  cavities  of  the  teeth  are  large,  extending  into  the  jaw,  a  con¬ 
dition  found  to  some  extent  in  Peking  and  Piltdown  man,  and  market  \ 
present  in  Neanderthal  man,  but  also  present  in  certain  apes  as  well  as 
in  some  modern  human  races.  In  many  respects  the  jaw  resembles  that 
of  Neanderthal  man,  and  Heidelberg  man  is  generally  regarded  as  an 
ancestor  of  the  Neanderthals.  Since  the  fossils  associated  with  the  jaw 
are  those  of  warm-climate  animals — rhinoceroses  and  lions — Heidelberg 
man  must  have  lived  during  one  of  the  interglacial  periods,  but  it  is 
not  clear  whether  it  was  the  first  or  second  of  these;  in  any  case  he  lived 
over  500,000  years  ago. 

5.  Neanderthal  Man  (Homo  neanderthalensis) .  The  first  human  fossil 
discovered  was  found  in  1850  in  a  cave  of  the  Neander  valley  near 
Diisseldorf.  and  it  was  given  the  name  Homo  neanderthalensis ,  or  Neander¬ 
thal  man.  The  skull  excited  a  lively  controversy  at  first,  some  scientists 
correctly  guessing  it  to  be  the  remains  of  a  primitive  man,  others  guess¬ 
ing  it  to  be  the  skull  of  a  congenital  idiot,  and  one  surmising  that  it  was 
simply  the  skull  of  a  Russian  soldier  killed  in  the  Napoleonic  wars.  Since 
that  time  similar  skulls  have  turned  up  in  widely  separated  parts  of 
Europe,  Asia  Minor,  North  Africa,  Siberia  and  the  islands  of  the  Medi¬ 
terranean.  These  remains  are  always  associated  with  a  particular  type 
of  Stone  Age  culture  known  as  the  M ousterian  (named  after  le  Moustier 
cave  on  the  bank  of  the  Vezere  River  in  France).  Neanderthals  lived 
in  Europe  for  thousands  of  years  during  and  after  the  third  and  final 
interglacial  period  (about  150,000  years  ago) ,  and  became  extinct  only 
about  25,000  years  ago. 

Neanderthal  man  was  between  5  and  5%  feet  tall,  and  powerfully 
built;  he  walked  upright,  with  bent  knees,  llis  skull  was  large  and  mas- 
six  e  with  a  thick,  bony  ridge  over  the  eyes,  and  a  receding  forehead 
(Fig.  244) .  1 1  is  nose  was  broad  and  short,  and  he  had  almost  no  chin 
at  all.  Despite  these  rather  apelike  features,  Neanderthal  man  had  a 
brain  as  large  as  or  larger  than  that  of  modern  man,  its  capacity  being 
about  1550  cc.  The  proportions  of  the  parts  of  the  brain,  estimated  from 
casts,  indicate  that,  in  general  intelligence,  he  was  probably  quite  similar 
to  modern  man,  although  his  frontal  lobes  were  smaller.  Neanderthals 
lived  primarily  in  caves,  used  fire,  made  Hint  weapons,  and  buried  their 
dead  .reverently  with  food,  ornaments  and  other  helpful  accessories 

6.  Solo  Man  On  the  banks  of  the  Solo  River  in  Java,  just  a  few  miles 
rom  the  site  where  the  Pithecanthropus  remains  were  buried,  have  been 

tound  fossils  of  a  second  human  type,  which  used  both  stone  and  bone 
implements.  Ihese  men,  considerably  more  advanced  than  Pithecan- 
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thropus,  probably  were  descendants  of  that  species.  Eleven  skulls  of 
this  new  type  ( Homo  soloensis)  have  been  discovered  since  1936,  all 
with  their  bases  smashed  in,  suggesting  that  Solo  man,  like  his  Peking 
cousin,  was  a  cannibal  who  considered  brains  a  delicacy.  Like  the  Ne¬ 
anderthals,  Solo  men  had  a  heavy  ridge  over  their  eyes  and  a  receding 
forehead;  the  brain  capacity  was  about  1300  cc.,  below  the  average  for 
Neanderthals,  but  above  that  of  the  earlier  Java  man.  Weidenreich  has 
made  a  detailed  study  of  these  skulls  and  concludes  that  they  are  more 
primitive  than  Neanderthal  skulls. 

It  is  believed  that  the  Australian  bushmen  are  the  present-day  des¬ 
cendants  of  Solo  man.  In  1940  two  skulls  definitely  of  Pleistocene  age 
were  found  at  Keilor,  near  Melbourne,  Australia,  and  although  they 
have  a  large  cranial  capacity  (nearly  1600  cc.) ,  they  are  intermediate 
in  other  respects  between  Solo  man  and  the  modern  aboriginal  Austral¬ 


ian 


7.  Rhodesian  Man  (Homo  rhodesiensis)  .  Still  another  primitive  skull, 
to  which  the  name  Rhodesian  man  has  been  given,  was  found  in  19*21  at 
Broken  Hill,  Rhodesia,  in  a  large  limestone  cave.  The  skull,  which  was 
in  an  almost  perfect  state,  has  an  extremely  large  eyebrow  ridge  and  a 
receding  forehead  like  a  gorilla’s,  but  a  cranial  capacity  of  about  1300  cc. 
The  teeth  are  large,  but  definitely  human  rather  than  apelike,  and  are 
badly  decayed — a  condition  never  found  in  apes  and  only  rarely  in 
primitive  man.  The  relationship  of  Homo  vhodesiensis  to  the  othci  ex¬ 
tinct  and  living  species  of  man  is  obscure;  he  lived  either  in  the  late 
Pliocene  or  the  early  Pleistocene,  and  in  some  respects  is  even  more 
primitive  than  Java  man. 

8.  Modern  Man  ( Homo  sapiens)  .  The  species  Homo  sapiens  includes 
not  only  all  the  living  races  of  man,  but  also  some  extinct  ones,  such  as 
the  Cro-Magnon.  Just  when  Homo  sapiens  originated,  and  who  his  im¬ 
mediate  ancestors  were,  are  still  unknown.  Since  Neanderthal  man  was 
more  primitive  than  modern  man,  and  lived,  at  the  earliest,  only  about 
150,000  years  ago,  it  was  argued  for  many  years  that  our  species  arose 
recently,  geologically  speaking.  But  the  discovery  of  additional  fossils 
has  indicated  that  Homo  sapiens  was  a  contemporary  of  Neanderthal 

man,  and  perhaps  existed  even  before  him  ..  ,  , 

The  so-called  Galley  Hill  man  bears  out  this  point.  Ihis  tossil,  found 
in  1888  in  the  Thames  valley  below  London,  is  a  newly  complete  human 
skeleton,  and  the  gravel  pit  containing  .t  .s  ot  the  Middle 
(about  500,000  years  ago) .  Galley  H.  man  was  short  (5 _  eet  3  inches) 
and  stocky,  with  no  feature  more  apelike  than  some  exhibited  by  living 
human  races.  His  brain  capacity  was  about  1400  cc.  and  the  cast  o  is 
"shows  an  essentially  modern  development  of  the  various  bran 
reffions  The  skull  bones  are  quite  thick,  but  the  eyebrow  ridges  are  not 
excessively  large.  The  actual  age  of  these  remains  is  in  dispute  because 
the  skeleton  was  removed  before  a  qualified  geologist  could  attest  to 
t  antiquity  of  the  deposit.  But  the  finding  of 

. . fx™*  Sdh;£„„, 

55S  SSS  “  .  .  «  Keith  and  Ft.lex.  H—  that 
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Galley  Hill  man  also  dates  from  the  Middle  Pleistocene.  These  investi¬ 
gators  regard  the  Swanscombe  and  Galley  Hill  fossils  as  definitely  ot  the 
species  llomo  sapiens,  and  believe  them  to  have  descended  from  the 
Piltdown  species,  which  existed  some  500,000  years  ago,  long  before  the 

oldest  known  Neanderthal  men.  . 

Since  1808  about  100  unmistakably  Homo  sapiens  fossils,  dating  back 
15,000  to  00,000  years,  have  been  found  in  western  and  central  Europe, 
especially  in  France.  In  the  valley  of  the  \ezere  River  in  south  cential 
France  the  first  well-preserved  fossils  of  this  type  were  discovered  in 
the  so-called  Cro-Magnon  rock  shelters.  At  first  these  remains  were 
thought  to  be  representative  of  a  single  race,  and  were  referred  to  col¬ 
lectively  as  the  Cro-Magnon  remains.  Indeed,  they  do  share  certain 
characteristics,  such  as  a  long,  massive  skull  without  eyebrow  ridges 
and  with  a  prominent  chin  and  high  forehead,  and  a  rather  large  brain 
capacity  (as  great  as  1800  cc.) .  But  further  studies  indicated  that  the 
fossils  were  not  homogeneous  enough  to  belong  to  a  single  race.  What¬ 
ever  their  origins,  they  were  probably  contemporaries  of  the  Neanderthal 
species,  and  may  have  hastened  its  extinction. 

Excavations  during  the  early  PJ80's,  near  Mt.  Carmel  in  Palestine, 
disclosed  a  number  of  skeletons  of  Upper  Pleistocene  age,  associated 
with  Mousterian  stone  implements.  The  skeletons  show  an  odd  mixture 
of  Neanderthal  characteristics  with  others  like  those  of  the  Cro-Magnon 
remains.  The  eye  ridges  are  smaller  than  those  of  Neanderthal  skulls, 
the  forehead  is  less  receding,  the  face  is  neither  so  large  nor  so  long,  the 
nose  is  narrower,  and  there  is  a  fairly  well-developed  chin.  The  brain 
capacity  varies  from  1800  cc.  to  1500  cc.  and,  in  the  development  of 
the  frontal  lobes,  resembles  that  of  modern  man  more  than  that  of  the 
Neanderthal  species.  It  appears  that  these  remains  arc  the  result  of 
hybridization  between  llomo  neanderthalensis  and  early  members  of 
Homo  sapiens ,  and  many  anthropologists  believe  that  the  Neanderthals 
did  not  become  extinct  in  the  strict  sense  of  the  term,  but  were  absorbed 
by  interbreeding  with  the  various  progressive  and  genetically  dominant 
races  of  Homo  sapiens.  Neanderthals,  in  turn,  shared  many  character¬ 
istics  with  the  Java  and  Peking  men,  and  probably  descended  from 

them,  while  Heidelberg  man  may  represent  an  intermediate  stage  be¬ 
tween  the  two. 


Recent  excavations  in  South  Africa  have  revealed  several  fossils  of 
Homo  sapiens  who  died  20,000  or  so  years  ago.  And  in  the  upper  strata 
of  the  same  caves  near  Peking  in  which  the  ape-man,  Sinanthropus,  was 
discovered,  the  remains  of  Homo  sapiens  of  75,000  years  ago  were  un- 
covered.  Among  the  latter,  seven  skeletons,  belonging  perhaps  to  mera- 

,,S  °f  thc  Sn."7  faTly’,were  fo""'1  together,  apparently  the  victims  of 
a  human  raid,  for  the  skulls  are  all  fractured.  These  are  especially  in- 
teresting  because  of  the  great  variation  among  them,  one  if  the' men 
"  ing  like  tile  European  Cro-Magnon,  one  of  the  women  resembling 
a  modern  Eskimo  and  another  a  Melanesian.  This  heterogeneity  si,..8 
gests  extensive  hybridization  among  the  various  races  of  the  time  ” 
n  contrast  to  the  other  continents,  America  seems  to  I. i 
populated  quite  recently,  during  the  la’st  20,000  yearTor  so  and  only" 
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by  Homo  sapiens,  for  the  few  remains  discovered  there  definitely  belong 
to  the  same  species  as  modern  man. 

According  to  Professor  Hooton,  all  the  present  races  of  man — white, 
negroid  and  mongoloid — descended  from  Piltdown  man,  via  the  Swans- 
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Fig  245.  An  evolutionary  tree  of  tile  primates,  beginning  with  the  primitive  tre 
tivores.  The  forms  known  only  as  fossils  are  indicated  in  italics. 

.  r  illev  Hill  and  Cro-Magnon  lines,  with  a  dash  of  Neanderthal, 
combe,  Galley  Hill  and  Gro  8  involving  Sinanthropus  and 

which,  m  turn,  came  &  oXna  tlris  evolutionary  process  man  has 

Pithecanthropus  (Fig.  Z  )  •  &  frame  )ias  become  less  massive. 

He  now^tand^completely^rect/and  his  head  is  balanced  on  a  relative.y 
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slender  neck,  instead  of  being  held  in  place  by  a  massive  set  of  neck 
muscles,  and  jutting  forward  from  the  shoulders.  His  skull  capacity  has 
increased,  the  forehead  has  become  more  vertical,  the  bony  ridges  over 
the  eyes  have  diminished,  and  the  face — particularly  the  jaws  has  be¬ 
come  smaller  in  relation  to  the  rest  of  the  skull  (Fig.  24G) .  Coi  l  elated 
with  the  reduction  in  the  jaw  size  has  been  a  reduction  in  the  size  and 
complexity  of  the  teeth,  and  now  there  is  a  strong  tendency  for  the 
third  molars  (the  wisdom  teeth)  to  be  vestigial.  What  all  this  adds  up 
to  is  that  man,  in  common  with  the  other  animals,  has  adapted  phy¬ 
sically  to  changes  in  his  way  of  life  and  in  his  environment.  For  hun¬ 
dreds"  of  thousands  of  years  his  dangerous  and  physically  demanding  life 
required  that  he  have  a  heavy,  powerful  body  and  strong  jaws,  with 
huge  teeth  for  tearing  and  chewing  his  food.  Then,  as  mutations  for  a 
larger  brain  and  greater  intelligence  occurred,  and  were  retained  because 
of  their  survival  value,  he  became  less  and  less  dependent  upon  physical 
strength  for  obtaining  his  food  and  escaping  from,  or  overpowering,  his 
enemies.  In  short,  man  has  become  a  ground-dwelling,  civilized  animal, 
a  fact  which  is  reflected  in  the  shape  of  his  feet,  his  posture,  his  less 
rugged  body  and  his  comparatively  delicate  facial  features. 


V.  CULTURAL  EVOLUTION 


Although  most  of  the  evidence  of  the  path  of  human  evolution  comes 
from  the  actual  fossils  just  discussed,  some  corroborative  evidence  comes 
from  cultural  implements,  such  as  tools,  weapons,  cooking  utensils  and 
ornaments.  The  science  called  archeology,  which  is  concerned  with  the 
cultural  significance  of  such  objects,  is  complex  and  fascinating,  but 
unfortunately  we  can  do  no  more  here  than  indicate  its  importance. 

Like  fossils,  the  objects  made  and  used  by  man,  called  artifacts,  were 
deposited  at  widely  separated  times,  and  so  are  found  in  different  layers 
of  the  soil,  the  later  ones  usually  lying  above  the  earlier  ones.  Thus,  when 
fossils  and  artifacts  are  found  together,  and  the  date  of  the  culture  as¬ 
sociated  with  the  artifacts  is  known,  the  anthropologist  is  able  to  de¬ 
termine  the  age  of  the  fossils  at  once. 


At  an  early  time  man  undoubtedly  learned  to  pick  up  and  use  stones 
of  a  convenient  size  and  shape,  but  not  until  the  Middle  Pleistocene 
some  800,000  years  ago,  did  it  occur  to  him  to  chip  pieces  of  flint  to 
form  hand  axes.  When  it  finally  got  under  way,  the  culture  characterized 
by  this  type  of  skill  lasted  500,000  years;  it  is  now  called  the  Lower 
Paleolithic  (paleo  =  old;  lithic  =  stone),  and  it  is  believed  to  have 
been  the  culture  of  Peking,  Java  and  Piltdown  men.  These  men  made 
their  homes  in  caves  and  were  hunters  and  food  gatherers  with  no 
knowledge  of  agriculture  or  animal  domestication.  They  did.  however 
understand  the  value  of  fire  and  knew  how  to  make  it.  The  association 
of  certain  kinds  of  axes  and  scraping  tools  with  the  Java  and  Peking 
fossils  enables  investigators  to  study  the  distribution  of  this  type  of 

”;disdra\”dt™raecompanied  by  skeietai  remain-  •— 

Tn  deposits  dating  from  the  third  interglacial  and  the  last  glacial 
periods,  different,  more  advanced  tools  have  been  found,  and  the  culture 


Fig.  246.  Restorations  by  Dr.  J.  H.  McGregor 
of  what  prehistoric  men  probably  looked  like. 
From  left  to  right,  the  Java  ape  man,  Piltdown 
man.  Neanderthal  man  and  Cro-Magnon  man. 
(Courtesy  of  Dr.  J.  H.  McGregor  and  the 
American  Museum  of  Natural  History,  New 
York.) 


Fig.  247.  Restoration  by  Charles  R.  Knight 
of  a  group  of  Upper  Paleolithic  artists  drawing 
animals  on  the  wall  of  a  cave.  (Courtesy  of  the 
American  Museum  of  Natural  History,  New 
York.) 


Fig.  248.  The  art  of  Upper  Paleolithic  man; 
two  reindeer  from  the  wall  of  the  ca\ein  of 
Font-de-Gaume,  Dordogne,  France.  (Courtesy 
of  the  American  Museum  of  Natural  History, 
New  York.) 
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they  represent  has  been  named  the  Middle  Paleolithic.  The  European 
branch  of  this  culture,  called  the  Mousterian,  was  associated  with  Ne¬ 
anderthal  man.  The  implements  of  the  Mousterian  culture  were  made 
by  chipping  flakes  from  a  piece  of  flint  and  then  sharpening  the  edges 
by  removing  more  flakes  with  a  bone  tool.  The  most  common  weapon 
seems  to  have  been  a  triangular  piece  of  stone,  the  forerunner  of  the 
spear  and  the  arrowhead. 

During  the  last  25,000  years  of  the  fourth  glacial  period— that  is.  at 
the  end  of  the  Pleistocene — the  culture  characterized  by  the  simple, 
chippe'd  flint  tools  and  weapons  was  replaced  by  another  called  the 
Upper  Paleolithic,  in  which  a  new  method  for  making  implements  was 
important.  This  method  involved  the  removal  of  flakes  from  flint  by 
means  of  steadily  and  carefully  applied  pressure,  rather  than  by  the 
force  of  blows,  and  resulted  in  long,  slender,  knifelike  blades.  Many  of 
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these  implements  were  elaborately  and  skillfully  carved,  in  ways  which 
not  only  enhanced  their  usefulness,  but  made  them  true  objects  of  art. 
In  addition  to  the  skilled  craftsmen  responsible  for  such  article  tWo 


- - _ uugo  w mull  are  siriKing  in  tneir  vitality  and 

show  a  real  understanding  r>f  — : _ 1  _  P  ■,  • 
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tools  were  smaller  and  poorer  in  quality  than  those  of  his  Upper  Paleo¬ 
lithic  predecessors,  and  there  is  no  evidence  that  he  continued  the  arts 
ot  painting  and  carving  so  highly  developed  by  them.  Perhaps,  however, 
he  attempted  to  write,  for  pebbles  of  this  age  have  been  found  marked 
with  red  ochre  dots,  bars  and  crosses. 

Ihe  Neolithic  or  New  Stone  Age  culture,  believed  to  have  originated 
in  the  Near  East,  somewhere  between  Egypt  and  India,  is  characterized 
by  implements  which  bear  the  marks  of  careful  grinding  and  polishing. 
But  much  more  important,  it  marks  the  beginning  of  agriculture  and 
animal  husbandry.*  About  5000  B.C.,$  then,  man  changed  from  a  wander¬ 
ing  hunter  and  food  gatherer  to  a  settled  food  producer.  Next  to  speech, 
anthropologists  consider  these  two  accomplishments  the  most  important 
steps  in  man’s  history.  It  was  also  during  the  Neolithic  that  pottery 
making  was  invented,  and  the  remains  of  bowls,  pitchers,  and  other 
utensils  have  been  extremely  helpful  to  archeologists,  for  each  cultural 
group  since  that  time  has  used  certain  peculiar  methods  in  making  and 
decorating  such  things.  Other  inventions  of  the  ingenious  Neolithic 
people  are  the  dugout  canoe  and  the  wheel. 

With  the  Neolithic  age  we  come  to  historical  times,  for  the  oldest 
Egyptian  and  Mesopotamian  cultures  were  Neolithic.  The  use  of  metals 
— first  copper,  then  bronze  (a  copper-tin  alloy) — for  making  vessels, 
tools  and  weapons  began  sometime  between  4000  and  3000  B.C.,  and 
about  1400  B.C.  men  of  the  Near  East  initiated  the  Iron  Age  by  master¬ 
ing  the  technique  of  deriving  iron  from  its  ores. 


VI.  THE  PRESENT  RACES  OF  MAN 

The  differences  between  the  various  races  of  man  living  today  are  just 
as  great  as  those  between  a  number  of  other  related  animals  generally 
regarded  as  different  species,  and  a  few  anthropologists  and  geneticists 
— for  example,  Professor  R.  Gates  ( Human  Ancestry,  1948)  argue 
that  they  are  in  fact  different  species.  There  can  be  no  final  answer  to 
a  question  which  is  largely  a  matter  of  definition,  but  since  the  word 
“species”  is  usually  used  to  imply  interfertility,  and  since  all  the  modern 
races  of  man  are  interfertile— as  far  as  anyone  knows— most  biologists 
agree  to  consider  them  all  members  of  Homo  sapiens. 

The  term  “race”  is  frequently  misused  for  “nationality.”  and  people 
talk  about  the  white  race,  the  Jewish  race  and  the  French  race,  when 
in  reality  they  are  discussing  cultural  factors.  Scientifically  spea  ing. 
the  qualities  which  distinguish  races  are  physical  and  physiological  ones, 
similar  to  but  smaller  than  those  distinguishing  the  members  of  the 
larger  taxonomic  categories,  such  as  phyla  or  classes  A  race,  then,  is  one 
of  the  great  divisions  of  mankind,  whose  members  share  a  certain  com¬ 
bination  of  morphological  and  physiological  features  derived  from  t 

common  ancestor. 

*  The  earliest  animals  to  l>e  domesticated,  after  the  dog.  were  the  pig.  sheep,  goat  and 
;SEto“f'a^d  on  those  continents. 
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It  should  be  clear  by  now  that,  ultimately,  all  the  present  races  had  a 
common  origin,  and  that  probably  there  is  no  such  thing  as  a  “pure 
race.  Anthropologists  themselves  are  not  agreed  as  to  where  the  lines 
should  be  drawn,  and  the  fact  that  any  individual  may  be  phenotypi- 
cally  so  unlike  his  parents  as  to  place  him  in  a  separate  group  from 
them  indicates  how  inexact  the  science  of  physical  anthropology  must 
be.  Furthermore,  any  particular  quality,  such  as  skin  color,  varies  tre¬ 
mendously  within  each  race,  so  that  a  member  of  the  white  race  may 
have  skin  as  dark  as  a  typical  Negro’s,  and  a  Chinese  may  have  skin  as 
white  as  a  Caucasian’s. 

On  the  basis  of  a  great  many  different  qualities,  however,  we  find  that 
the  people  living  today  do  tend  to  fall  into  one  of  three  main  categories, 
and  the  features  in  which  they  differ  are  as  follows.  Besides  skin  color, 
the  color  of  the  hair  and  eyes,  the  waviness  and  texture  of  the  hair,  the 
shape  of  the  head  and  its  features,  the  arrangement  of  the  whorls  and 
loops  on  the  skin  of  the  fingertips,  and  the  proportions  of  the  various 
parts  of  the  body,  are  the  most  obvious  anatomical  factors  to  be  con¬ 
sidered.  Anthropologists  pay  particular  attention  to  the  ratio  between 
the  breadth  and  length  of  the  head.  When  measurements  of  a  living 
person’s  head  are  made,  this  ratio  is  called  the  cephalic  index;  when 
measurements  are  made  on  a  skull,  the  ratio  is  called  the  cranial  index. 
By  convention,  a  skull  with  a  breadth  less  than  75  per  cent  of  its  length 
is  called  longheaded  or  dolichocephalic,  one  with  a  cranial  index  of  80 
or  more  is  said  to  be  broad,  roundheaded  or  brachycephalic,  and  a  skull 
with  a  cranial  index  between  75  and  80  is  said  to  be  mesocephalic. 
Similarly,  noses  are  classified  according  to  the  ratio  of  breadth  to  length 
—the  nasal  index — and  the  face  is  classified  on  the  basis  of  the  facial 
index,  the  ratio  of  length  to  breadth. 

Some  of  the  physiological  characteristics  in  which  the  people  of  the 
world  differ  significantly  are  the  chemistry  of  the  blood,  the  rate  of  the 
basal  metabolism  and  susceptibility  to  certain  diseases. 

9.  The  White  Race.  The  white  or  Caucasian  race  probably  includes  a 
gi  eater  diversity  of  tyrpes  than  does  either  of  the  other  two  main  races; 
in  fact,  so  great  is  the  diversity  that  only  a  few  characteristics  are 
shared  by  all  members  of  the  race.  Generally  speaking,  however  the 
following  traits  seem  to  be  typical  of  this  division  of  the  human  family- 
a  fairly  light  skin,  ranging  in  color  from  light  olive-brown  through  white 
to  ruddy;  medium  to  fine  wavy  or  straight  hair;  fairly  abundant  facial 
and  body  hair;  medium  to  thin  lips;  a  moderately  pronounced  chin- 

and  a  broad  pelvis.  Women  of  the  white  race  have  hemispherical  breasts 
and  rather  prominent  buttocks. 

There  is  no  single  method  for  classifying  the  members  of  the  white 
race  into  subgroups,  and  no  universally  accepted  opinion  as  to  exactly 
how  many  subgroups  there  are.  But  most  anthropologists  agree  that 

Th  mMni'V1S10“S  d0  eXlst’.call«'  Mediterranean,  Nordic  and  Alpine  * 

the  Mediterranean  group  includes  many  Egyptians  A  robins  *’ 
guese,  Spaniards,  southern  Italians  and 

tween  the  Mediterranean  and  East  Africa,  the  Indian  Ocean  and  the 
Caspian  Sea  and  between  the  Egyptian  Delta  and  India.  Typically,  the 
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people  of  this  group  have  long  heads,  slender,  slight  bodies,  olive  or 
light-brown  skin,  black  or  brown  hair  that  is  straight  or  slightly  wavy, 
and  dark  brown  eyes.  The  Mediterranean  race  is  probably  the  oldest 
and  least  specialized  of  any  of  the  modern  races. 

The  Nordic  race,  which  is  a  partially  depigmentized  branch  of  the 
Mediterranean  group,  includes  many  Swedes,  Norwegians,  Englishmen, 
Scotsmen  and  north  Germans.  Its  members  are  characterized  by  long 
heads,  red,  blonde  or  light-brown  hair,  blue  or  gray  eyes,  long,  narrow 
faces  with  high,  narrow  noses,  thin  lips,  ruddy  skin  and  tall,  slender 
bodies. 

In  contrast  to  the  groups  just  described,  our  third  main  group,  the 
Alpine,  consists  of  broadheaded  people  whose  ancestry  includes  Upper 
Paleolithic  strains,  and  may  well  include  some  Neanderthal  intermix¬ 
ture.  Since  the  skulls  of  fossil  men  are  longheaded  almost  without  ex¬ 
ception,  we  assume  that  brachycephaly  occurred  recently  in  human 
evolution;  certainly  it  is  not  characteristic  of  the  old  Mediterranean 
stock.  Unlike  some  Upper  Paleolithic  survivors,  the  Alpine  people  show 
a  reduction  in  head  and  body  size,  being  of  medium  stature,  with  round 
faces  as  well  as  heads,  and  of  moderately  stocky  build.  In  hair  and  eye 
color  they  are  usually  intermediate  between  the  dark  Mediterraneans 
and  the  blonde  Nordics.  Members  of  the  Alpine  group  are  numerous  in 
France,  southern  Germany,  Switzerland  and  Greece,  and  are  found  in 
Asia  as  far  east  as  the  Pamir  Mountains. 

Two  similar,  composite  white  races  are  so  important  in  the  racial 
composition  of  modern  Europe  that  they  must  be  described.  These  races, 
called  the  Armenoid  and  the  Dinaric,  were  produced  by  the  interbreed¬ 
ing  of  the  various  main  subraces  and  show  a  combination  of  their  char¬ 
acteristics.  The  Armenoid  is  produced  by  a  blending  of  Mediterranean 
and  Alpine  and  is  typically  broadheaded,  with  a  high,  sloping  forehead, 
high  pointed  skull  and  hooked,  convex  nose.  A  great  many  of  the  resi¬ 
dents  of  Turkey,  Syria  and  Palestine  are  Armenoid.  The  Dinaric  is  a 
mixture  of  Mediterranean,  Alpine  and  Nordic  and,  like  the  Armenoid,  is 
roundheaded  with  a  long  face  and  prominent  nose.  Dinarics  are  common 
in  Yugoslavia,  the  Austrian  Tyrol,  western  Asia  and  Asia  Minor,  though 

they  are  found  almost  everywhere  in  the  world  .  .  .  . 

10  The  Negroid  Race.  It  is  generally  believed  that  the  original  skin 
color  of  the  human  race  was  white,  but  just  when  the  mutation  for  black 
or  dark  brown  skin  occurred  in  man’s  evolution  no  one  knows  Nor  is  it 
known  how  the  specialization  of  the  Negro  race  came  about  or  what 
relationships  the  Negroid  subraces  bear  to  each  other  All  we  can  do, 
then  is  to  observe  and  describe  differentiations  within  the  race. 

Modern  Negroids  occur  natively  in  two  widely  separated  parts  of  t 
world-  Africa  and  the  islands  of  the  Pacific  from  the  Fijis  to  New 
Guinea  To  explain  this,  anthropologists  have  postulated  that  the  ra 

originated  in  Asia  and  ~uth£ 

s£? 

«"•  *"d . . .  u-k 

race— is  still  undetermined. 
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Most  Negroids  have  black,  wooly  or  frizzy  hair,  dark  brown  or  black 
skin  brown  or  black  eyes,  a  low,  broad  nose,  thick,  pufiy  lips,  a  long 
head,  sparse  body  and  facial  hair,  relatively  long  shanks  and  forearms, 
a  narrow  pelvis,  large  feet  and  type  O  blood.  The  women  usually  have 
conical  breasts  and  less  protrusive  buttocks  than  do  white  women. 

The  Negritos  or  pygmies  are  extremely  short  people,  averaging  less 
than  4  feet  9  inches  in  height,  with  round  heads,  narrow  shoulders,  pot 
bellies  and  short  legs.  They  live  in  the  Congo  basin  and  in  the  intenoi 
of  the  Philippines,  New  Guinea,  the  Malay  Peninsula  and  the  Andaman 
Islands  of  the  Indian  Ocean.  The  Negritos  are  probably  the  most  primi¬ 
tive  culturally  of  living  men,  for  they  do  not  carry  on  agriculture, 
have  no  domesticated  animals,  and  speak  no  language  of  their  own. 
Many  full-sized  Negroes  keep  them  as  pets.  It  was  thought  at  one  time 
that  they  represent  an  earlier  stage  in  the  evolution  of  man,  but  there 
is  no  fossil  evidence  that  man  went  through  a  pygmy  stage;  indeed,  most 
of  the  prehistoric  men  were  larger  than  the  ones  living  today. 

The  Oceanic  Negroids  or  Melanesians  strongly  resemble  the  Africans, 
but  have  thinner  lips,  less  protrusive  jaws,  slightly  lighter  hair  and  skin, 
and  their  hair  is  less  kinky.  Less  is  known  of  these  people  than  of  most 
races,  for  they  live  in  inaccessible  places  and  are  extremely  unfriendly 
and  cannibalistic. 

The  black-skinned  race  which  originally  occupied  the  island  of  Tas¬ 
mania  was  destroyed  by  the  white  men  who  arrived  there  a  little  more 
than  a  century  ago.  The  Tasmanians  were  quite  short  with  wooly  hair, 
short,  Hat  noses,  and  abundant  beards  and  body  hair.  They  may  have 
been  an  early  offshoot  of  the  Negritos,  or  they  may  have  represented  a 
type  of  Negro  close  to  the  primitive  human  stock.  At  any  rate,  they 
were  living  in  a  primitive  Stone  Age  culture. 

The  Bushmen  of  South  Africa  are  a  rapidly  vanishing  race,  which 
probably  originated  in  that  spot.  They  too  are  in  a  primitive  Stone 
Age  culture.  Like  the  Negros  farther  north,  they  have  black,  kinky 
hair,  and  broad,  hat  noses,  but  their  skin  is  much  lighter — yellow  to 
brown— and  they  average  under  5  feet  in  height.  The  condition  of 
steatopygia,  which  is  an  excessive  accumulation  of  fat  on  the  buttocks 
and  thighs,  is  characteristic  of  these  people,  particularly  of  the  women. 
Their,  extremely  kinky  hair  is  of  a  peculiar  type,  known  as  “pepper 

corn,”  because  of  the  way  it  grows  in  tiny  clumps  of  spiral  coils  sep¬ 
arated  by  bare  spaces. 


The  Hottentots  of  South  Africa  resemble  the  Bushmen  in  many  re¬ 
spects  and  are  believed  to  have  arisen  by  hybridization  between  Bush- 
men  and  whites. 

11  The  Mongoloid  Race.  The  Mongolians  are  characterized  by 
straight  coarse,  black  hair,  yellow  to  yellow-brown  skin,  brown  eves 
sparse  beards  and  body  hair,  a  broad  face  with  projecting  cheek  bones’ 
and  a  rather  Hat  nose  of  medium  breadth.  Their  most  striking  feature  of 
urse,  is  the  epicanthic  fold  of  the  upper  eyelid,  which  is  chiefly  but  not 
whoUy,  responsible  lor  the  slanting  appearance  of  their  eves  '  Actually 
the  eye  slit  itself  is  narrower  and  more  slanting  than  that  of  ,1,,  rl„ 
casian  eye.  A  high  percentage  of  Mongolians  have  type  B  bl00d 
The  classic  Mongoloids,  found  in  Mongolia,  Eastern  Siberia,  and.'slightly 
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mixed  with  other  types,  in  China,  Ivorea  and  Japan,  are  roundheaded 
and  vary  in  height  from  short  to  moderately  tall.  In  contrast,  the  Arctic 
Mongoloids — the  Eskimos — are  short,  long  headed  people  with  a  less 
pronounced  epicanthic  fold  and  more  prominent  cheek  bones.  The  Arctic 
Mongoloids  are  found  from  Greenland  to  Northeastern  Asia. 

Composite  races  that  are  predominantly  Mongoloid  are  the  Indone¬ 
sians  and  American  Indians.  The  Indonesians,  believed  to  have  arisen 
by  hybridization  of  the  Mongoloids  with  Mediterraneans,  Ainus  and 
Negritos,  are  found  in  South  China,  Indo-China,  Siam,  Burma,  Malaya 
and  parts  of  the  East  Indies.  Some  of  the  Japanese  belong  to  this  group. 
The  American  Indians  are  the  descendants  of  Mongoloids  who  entered 
America  via  Bering  Strait  in  a  number  of  waves  of  migration  beginning 
some  20,000  years  ago.  Like  the  classic  Mongolian,  the  Indians  have 
round  heads,  prominent  cheek  bones  and  black,  straight,  coarse  hair,  but 
their  skin  has  a  reddish  rather  than  a  yellowish  cast,  the  Mongolian  eye 
fold  is  absent  or  small,  and  the  nose  is  sometimes  long,  convex  and  high- 
bridged.  The  many  subraces  of  the  American  Indian  have  not  yet  been 
thoroughly  studied  and  classified,  but  even  now  it  is  apparent  that  they 
exhibit  more  variations  in  skin  color,  facial  features  and  head  shape 
than  any  other  group  of  Mongolians.  This  is  probably  because  by  the 
time  of  the  later  invasions,  Mediterraneans,  Negritos  and  Australoids 
had  interbred  with  the  original  Mongolian  stock  in  Asia. 


These,  in  brief,  are  the  three  main  races  of  man,  but  we  are  not  quite 
finished  with  the  subject,  for  besides  these  three,  and  others  which 
represent  a  mixture  of  them— such  as  the  Polynesians,  who  are  a  com¬ 
posite  of  Caucasoid,  Mongoloid  and  Negroid  strains— there  are  at  least 
three  other  groups  which  seem  to  belong  to  none  of  the  three  main 
races,  and  yet  do  not  appear  to  be  the  result  of  hybridization.  These 
are  the  Ainus,  the  Veddoids  and  the  Australoids. 

The  Ainu  is  an  ancient  and  remarkably  primitive  group  which  has 
lived  for  as  far  back  as  there  is  any  record,  on  the  islands  of  Northern 
Japan.  They  appear  not  to  be  of  Mongolian  origin,  for  they  have  white 
skin  and  wavy,  black  hair,  which  grows  profusely  on  the  face  and  body— 
hence  they  are  usually  called  the  "Hairy  Ainu.”  And  there  is  no ^  trace 
of  the  Mongolian  epicanthic  fold.  But  there  are  geographic  and  historical 
reasons  for  doubting  that  they  are  Caucasian,  and  some  anthropologis  s> 
believe  them  to  be  Mongolians  who  underwent  mutations  which  be¬ 
came  well-established  because  of  the  former  isolation  of  the  Japanese 

iSlTheAustraloids  or  Australian  aborigines,  have  chocolate-colored  skin, 
dark  eyes  black  hair,  protruding  jaws  and  receding  chins.  Because  o 
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broad  noses  and  wavy  hair,  and  the  beard  is  moderately  developed  In 
some  ways,  these  people  are  similar  to  the  Caucasian  race,  in  others 
they  resemble  the  Australoids,  but  what  their  true  origin  is  no  one 
knows.  What  does  seem  quite  certain  is  that  m  India,  it  is  the  inter¬ 
mixture  with  the  Mediterranean  race  of  the  Veddoid  element,  rather 
than  the  Negroid,  which  is  responsible  for  the  dark  skin  color  of  so 
much  of  the  population. 


The  science  of  physical  anthropology  teaches  11s,  before  anything  else, 
that  it  is  dangerous  to  generalize  about  the  modern  races  of  man.  There 
is  no  evidence  to  show  that  any  race  is  superior  to  any  other,  and  the 
whole  business  of  testing  for  such  evidence  is  fraught  with  countless 
difficulties. 

To  begin  with,  an  absolutely  pure  race  is  probably  nonexistent,  for 
the  whole  evolutionary  history  of  man  is  one  of  intermixture.  We  know 
of  the  countless  thousands  of  invasions  from  Africa  and  the  Near  East, 
from  Mongolia  and  Siberia,  from  the  Scandinavian  countries,  and  so  on, 
that  have  swept  across  the  continents  of  Asia  and  Europe  within  his¬ 
torical  times.  Yet  how  complicatedly  interwoven  the  human  species 
must  have  been  long  before  even  the  earliest  historical  period!  This 
being  so,  it  seems  futile  to  test  for  racial  superiority,  for  behind  the  skin 
color,  eye  shape  and  type  of  hair  that  are  taken  as  a  person’s  badge  of 
race,  innumerable  ancestral  strains  may  be  masked.  And  it  is  these 
“hidden”  strains  which  may  be  responsible  for  the  traits  of  character 
and  intelligence  exhibited.  The  question  then  becomes,  what  race  ac¬ 
tually  is  being  tested? 

Even  if  it  were  possible  to  know  exactly  the  ancestry  of  any  group  of 
people,  a  second  difficulty  would  present  itself — that  of  differentiating  be¬ 
tween  hereditary  traits  and  the  influence  of  environment.  Psychologists 
have  found,  for  instance,  that  city  children  do  much  better  on  intelli¬ 


gence  tests  than  country  children.  And  the  advantages  of  an  adequate 
diet,  the  prompt  correction  of  physical  disabilities,  and  a  feeling  of 
security — in  short,  the  benefits  of  a  good  invironment — are  incalculable. 
There  is  simply  no  way  of  determining  where  the  effects  of  such  ad¬ 
vantages  stop  and  the  effects  of  hereditary  factors  begin. 

There  are  difficulties  of  language,  too,  to  complicate  the  job  of  testing. 
Such  words  as  “intelligence,”  “talent”  and  “morality”  have  no  single, 
final  meaning;  each  person  interprets  them  according  to  his  own  back¬ 
ground  and  education.  And  even  if  there  were  a  way  of  establishing  an 
objective  definition,  the  qualities  themselves  are  so  complex,  and  de¬ 
pendent  on  so  many  physiological  and  psychological  interrelationships 

that  a  comprehensive  and  true  testing  of  them  would  still  be  well  nidi 
impossible.  h 

We  have  seen  why  the  concept  of  racial  purity  is  absurd.  Is  there  anv 
rcason  for  supposing  that  a  pure  race  would  be  superior  if  it  did  exist? 
On  the  contrary,  the  principle  of  hybrid  vigor  works  just  as  well  for 
iiiman  populations  as  it  does  for  animals  and  plants.  Thus  crosses 
between  Indians  and  whites.  Hottentots  and  whites.  Chinese  and  Negroe 
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At  present,  the  only  conclusion  that  anthropologists  can  offer  con¬ 
cerning  the  capabilities  of  the  various  human  races  is  that  all  of  them 
have  great  potentialities  and  all  have  made  important  contributions  to 
civilization.  In  time  to  come,  investigators  may  find  solutions  for  the 
problems  of  testing,  and  may  be  able  to  show  correlations  between 
certain  racial  strains  and  certain  abilities.  Whether  that  time  comes  or 
not,  however,  the  person  who  can  look  upon  the  tangled  web  of  hu¬ 
manity  with  any  feeling  of  superiority  at  whatever  his  own  little  place 
in  it  may  be,  is  indeed  a  victim  of  pride  and  prejudice. 

QUESTIONS 

1.  What  does  it  mean  to  say  that  an  animal  is  unspecialized? 

2.  What  are  the  ways  in  which  man  differs  from  the  great  apes? 

3.  Why  is  it  incorrect  to  say  that  man  came  from  monkeys?  What  did  he  come  from? 

4.  Discuss  how  man’s  physical  features  have  altered  during  his  evolution  from  the 
ancestral  lemuroids. 

5.  How  does  the  science  of  archeology  help  that  of  anthropology? 

6.  Why  was  the  year  5000  B.C.  important  for  man?  What  innovations  since  that  time  do 
you  consider  the  most  significant  for  contributing  to  civilization? 

7.  List  all  the  ways  you  can  think  of  in  which  man’s  intelligence  prevents  his  being  as 
biologically  successful  as  other  animals.  Do  you  think  it  is  better  for  him  to  acquiesce  to  the 
biological  demands,  or  to  struggle  against  them?  Begin  by  defining  what  you  mean  by 
“better,”  and  be  specific  in  your  argument. 

8.  Do  you  think  any  of  the  known  fossil  primates  should  be  called  a  “missing  link?”  If  so, 
which  one? 

9.  What  is  the  relationship  of  Neanderthal  to  modern  man? 

10.  Do  you  believe  that  the  various  races  of  men  living  today  constitute  one  species  or 
many?  Why? 
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CHAPTER  30 


THE  OUTCOME  OF  EVOLUTION: 

ADAPTATION 


ONE  OF  THE  most  remarkable  qualities  of  living  things  is  the  ease 
with  which  they  get  along  wherever  they  happen  to  live.  But  the 
phrase  “happen  to  live”  is  inappropriate,  for  it  is  not  by  accident  that 
certain  animals  live  in  the  trees,  while  others  live  on  the  ground,  in  the 
water,  and  so  on.  The  reasons  for  this  are  implicit  in  the  evolutionary 
story  we  have  just  been  following.  Now  that  we  have  seen  what  the 
forms  of  life  are,  and  have  some  inkling  of  how  they  arose,  it  is  time 
to  consider  the  relationship  of  animals  and  plants  to  their  environment 
— that  is,  their  adaptation. 

1.  Ecology.  The  science  which  deals  with  this  aspect  of  the  biological 
world  is  called  ecology,  and  basic  to  it  are  two  concepts,  the  ecologic 
niche  and  the  habitat. 

The  Ecologic  Niche.  The  ecologic  niche  is  an  abstraction  which  in¬ 
cludes  all  the  physical,  chemical,  physiological  and  biotic  factors  that 
a  given  organism  requires  to  keep  alive.  Specifically,  the  ecologic  niche 
of  a  limpet  is  determined  by  such  things  as  its  need  for  a  rock  to  cling 
to,  a  shallow,  salt  water  environment,  certain  kinds  of  small  plants  to 
feed  on,  and  so  on.  The  ecologic  niche  is  not  a  physical  place,  then, 
where  a  given  organism  resides,  but  the  sum  total  of  all  the  factors 
necessary  for  its  survival.  Each  species — in  fact,  every  member  of  each 
species  has  its  own  ecologic  niche,  separate  from  that  of  every  other  one. 

Habitat.  In  contrast,  a  habitat  is  a  physical  area,  a  certain  specific 
part  of  the  earth,  air,  soil  or  water.  Tt  may  be  as  large  as  the  ocean  or  a 
prairie,  or  as  small  as  the  under  side  of  a  rotten  log  or  the  intestine  of  a 
termite,  but  it  is  always  a  tangible  region.  Of  course,  more  than  one 
animal  or  plant  may  live  in  a  particular  habitat,  and  often  several  species 
occupy  the  same  one. 

2.  Biological  Interactions.  Perhaps  the  one  factor  most  basic  to  eco¬ 
logic  distribution,  because  it  is  basic  to  natural  selection,  is  that  living 
things  reproduce  many,  many  more  offspring  than  the  earth  is  capable  of 

i *  j.  .  _  P  te  of  a  given  species  under 

optimum  conditions  can  be  calculated  from  the  ratio  of  males  to  females 

the  number  of  young  per  female,  and  the  number  of  generations  per  vear 
or  century.  For  example,  at  a  conservative  estimate,  one  man  and  woman 

7  ohnihnon00peratl0n.0[.their  children  and  grandchildren,  could  give  rise 
to  200  000  progeny  within  a  century,  and  a  pair  of  fruit  flies  could  be  re¬ 
sponsible  for  3368  X  10^  offspring  within  a  year.  Since  optimum  con- 
10ns  are  never  maintained,  such  biological  catastrophes  do  not  occur 
ut  there  are  actual  situations— India  is  an  example— which  indicate  the 
agedy  implicit  in  the  tendency  towards  overpopulation 
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Ihe  sum  of  the  physical  and  biological  factors  which  prevent  a  species 
from  reproducing  at  its  maximum  rate  is  termed  the  environmental 
resistance,  and  can  be  estimated  by  comparing  the  actual  number  of 
a  given  species  in  a  certain  region  with  the  number  there  would  be  if 
the  potential  reproductive  rate  were  maintained.  Environmental  re¬ 
sistance  is  often  low  when  a  species  is  introduced  into  a  new  territory, 
so  that  reproduction  occurs  at  an  alarming  rate,  as  when  the  rabbit  was 
introduced  into  Australia  and  the  English  sparrow  and  the  Japanese 
beetle  were  brought  into  the  United  States.  But  as  a  species  increases  in 
number,  the  environmental  resistance  to  it  also  increases,  in  the  form 
of  organisms  that  prey  upon  it  or  parasitize  it,  and  the  competition  be¬ 
tween  the  members  of  the  species  itself  for  food  and  living  space. 

Careful  studies  in  the  field  have  revealed  some  curious  interrelation¬ 
ships  between  organisms,  which  illustrate  the  equilibrium  of  nature. 
For  example,  too  few  or  too  many  rats  are  equally  detrimental  to  a 
population  of  quail,  for  although  rats  eat  quail  eggs,  they  are  eaten,  in 
turn,  by  owls  and  hawks  which  prey  upon  the  quail  if  the  rat  population 
is  too  small.  A  given  species  may  be  eliminated  if  too  many  of  its  normal 
predators  are  removed.  Thus,  when  an  effort  was  made  in  the  Kaibab 
National  Forest,  north  of  the  Grand  Canyon,  to  protect  the  deer 
population  by  eliminating  wolves  and  mountain  lions,  the  deer  increased 
so  rapidly  that  there  was  no  longer  enough  grass  and  leaves  to  sup¬ 
port  them  through  the  winter,  and  a  tremendous  number  died  of  star¬ 
vation. 

3.  Structural  and  Physiological  Adaptations.  Because  so  many  mem¬ 
bers  of  every  species  are  struggling  for  a  portion  of  the  earth  s  food  and 
space,  there  is  a  tendency  for  the  members  of  any  new  group  of  organ¬ 
isms  to  spread  out  and  occupy  as  many  different  regions  as  they  can 
reach  and  as  will  support  them.  The  type  of  distribution,  involving  the 
evolution  from  a  single  ancestral  species,  of  a  variety  of  forms  which 
occupy  different  habitats,  is  called  adaptive  radiation.  It  is  obviously 
advantageous  in  enabling  the  animals  to  tap  new  sources  of  food  and 
to  escape  some  of  their  enemies.  The  placental  mammals  provide  a 
classic  illustration  of  the  process,  for  from  a  primitive,  insect-eating,  five¬ 
toed,  short-legged  creature  that  walked  with  its  soles  flat  on  the i  groun 
all  the  great  variety  of  present-day  mammals  evolved  (Fig.  249).  Ihus 
there  are  dogs  and  deer,  adapted  for  a  terrestrial  life  in  which  running 
rapidly  is  important;  squirrels  and  primates,  adapted  for  an  arboreal  , 
bats  equipped  to  fly;  beavers  and  seals,  capable  of  maintaining 
amphibious  existence;  the  strictly  aquatic  whales  and  sea  cows’ 
moles,  gophers  and  shrews,  tunneling  (fossonal)  animals,  able  to 

iTZllfJ *  ^ssorial  life,  have  evolved 
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similar  fore  and  hind  leg  structures,  although  the  moles  are  insectivores 
and  the  gophers  are  rodents. 


Fig.  249.  Adaptive  radiation.  All  the  various  mammals  shown  have  evolved  from  the  com 
mon  ancestor  shown  in  the  center,  but  have  become  adapted  to  a  wide  variety  of  environ 
ments.  (Hunter  and  Hunter:  College  Zoology.) 
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man  and  the  baboon,  whose  original  ancestor  was  a  ground-dwelling 
animal,  have  returned  to  the  ground  and  readapted  to  walking  rather 
than  to  climbing  trees.  Often  readaptation  is  a  complicated  process.  The 
present-day  Australian  tree-climbing  kangaroos  descended  from  an 
original  marsupial  ancestor,  which  is  believed  to  have  been  a  ground 
form,  f  rom  these  ground-dwellers,  other  forms  evolved  which  took  to 
the  trees  and  developed  limbs  adapted  to  tree  climbing — or  perhaps  the 
order  of  events  was  reversed — first  the  evolution  of  specialized  limbs, 
and  then  the  tree-dwelling  mode  of  life.  At  any  rate,  these  animals,  in 
turn,  eventually  left  the  trees  and  became  readapted  to  a  ground  life, 
where  the  walking  type  of  leg  became  lengthened,  strengthened  and 
adapted  for  leaping,  as  in  other  kangaroos.  But,  finally,  some  of  these 
kangaroos  went  back  to  the  trees,  although  by  that  time  their  legs  were 
so  highly  specialized  for  leaping  that  they  could  not  be  used  for  grasp¬ 
ing.  Consequently,  the  living  tree-kangaroos  have  to  climb  like  bears, 
by  bracing  their  feet  against  the  tree  trunk.  By  comparing  the  feet  of 
existing  Australian  marsupials,  all  the  stages  in  this  complicated,  shift¬ 
ing  process  can  be  seen. 

4.  Physiologic  Adaptations.  Since  one  of  the  major  struggles  between 
organisms  stems  from  the  competition  for  food,  a  mutation  enabling  an 
animal  to  use  a  new  type  of  food  is  extremely  advantageous.  This  may 
be  accomplished  in  a  number  of  ways — for  example,  through  the  forma¬ 
tion  of  a  new  digestive  or  energy-liberating  enzyme.  It  was  a  mutation 
resulting  in  the  latter  which  enabled  the  sulfur  bacteria  to  obtain  energy 
from  hydrogen  sulfide,  a  substance  which  is  poisonous  to  almost  all  other 


organisms. 

Another  type  of  helpful  mutation  is  that  which  decreases  the  growing 
season  of  a  plant,  or  the  total  length  of  time  required  for  an  insect  to 
develop,  thereby  enabling  the  organism  to  survive  farther  from  the 

equator,  where  the  summers  are  shorter. 

Although  the  range  of  temperature  in  the  universe  is  from  —273  C. 
(absolute  zero)  to  well  over  6000°  C.  (on  the  sun),  life  as  we  know  it 
can  occur  only  within  a  temperature  range  of  a  few  degrees  below  zero 
and  about  60°  C.,  each  species  having  an  optimum  temperature  between 
those  two.  Therefore,  any  mutation  that  increases  the  limits  of  tempera¬ 
ture  tolerance  for  a  species  may  enable  it  to  inhabit  a  new  part  of  the 
world.  Similarly,  since  most  organisms  can  survive  only  within  a  com¬ 
paratively  narrow  humidity  range,  a  mutation  would  be  helpful  which 

enabled  a  species  to  tolerate  a  moister  or  drier  environment. 

Another  sort  of  physiologic  adaptation  is  demonstrated  by  the  whale. 
Marine  animals  are  usually  adapted  to  survive  in  a  particular  pressure 
range  so  that  surface  animals  are  crushed  by  the  terrific  pressures  of 
the  deep  and  the  deep-sea  animals  burst  when  brought  to  the  surface.  But 
[he  whale  is  able  to  withstand  great  changes  in  pressure,  and  thus  can  dive 

t0  ^^^r^S  ror  survival  are  evident  in  the  color 
i  iiern  of  plants  and  animals  as  well  as  in  their  morphology  an 

and  ?  wloal  processes  Ecologists  recognize  three  types  of  color  adapta- 
physiological  processes,  i-coiog  ^  which  enables  the  organism 

[oblend  wlthTts  background  and  so  be  invisible;  warning  coloratura, 
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Whiunp“atable°fammals  ““wM^thS1  predators  U’t  to  eat 

or  unpalatable  anim  organism  resembles  some  other  living 

orToXbigmS-a  twig,  leaf,  stone  or  perhaps  some  other  animal 

'SS  e=fonC°“med  by  an  animal  which 
wishes  to  escape  the  notice  of  a  potential  predator;  in  other  cases  it 
assumed  by  a  predator  in  order  to  be  invisible  to  his  P°tellt'al 
Examples  of  such  coloration  are  innumerable  and  include  the  white 
coat  of  arctic  mammals  and  the  stripes  and  spots  of  tigers,  leopards, 
zebras  and  giraffes,  which,  although  conspicuous  enough  in  the  zoo, 
blend  imperceptibly  with  the  moving  patterns  of  light  and  dark,  typical 
of  the  jungle.  Some  animals,  such  as  the  frog,  chameleon  and  many 
shrimps,  crabs  and  fish,  can  change  their  color  and  pattern  as  they 
move  from  a  dark  to  a  light  background,  or  from  one  that  is  uniform 


to  one  that  is  mottled. 

To  demonstrate  experimentally  that  these  concealing  colorations  do 
have  survival  value,  investigators  devised  an  experiment  involving  vari¬ 
ously  colored  grasshoppers  tied  to  small  stakes  in  different  plots  of  soil  - 
some  sandy,  some  grass-covered  and  some  covered  with  dirt.  After  the 
plots  had  been  exposed  to  chickens  or  wild  birds  for  awhile,  the  experi¬ 
menters  found  that  a  significantly  larger  number  of  the  grasshoppers 
which  matched  their  respective  backgrounds,  survived. 

When  an  animal  is  equipped  with  poison  fangs,  a  stinging  mechanism 
or  some  chemical  which  gives  it  a  noxious  taste,  it  is  to  its  advantage 
to  have  the  fact  widely  advertised,  and  in  fact,  many  animals  of  this 
sort  do  have  warning  colors.  An  interesting  example  is  a  species  of 
European  toad  with  a  bright  scarlet  belly.  The  toad  has  certain  chem¬ 
icals  in  its  skin  which  makes  it  extremely  unpalatable,  and  whenever  a 
potential  predator,  such  as  a  stork,  swoops  over  a  congregation  of  the 
toads,  they  flop  on  their  backs,  exposing  their  scarlet  bellies  as  a  warn¬ 
ing.  Storks  and  other  birds  apparently  become  conditioned  by  the 
association  of  the  red  color  with  the  bad  taste,  and  avoid  the  toads 
assiduously. 

Other  animals  survive  by  mimicking  one  of  these  protectively  colored 
animals — for  instance,  some  harmless,  defenseless  and  palatable  animals 
are  identical  in  shape  and  color  with  a  poisonous  or  noxious  animal  of 
quite  a  different  family  or  order,  and,  being  mistaken  for  it  by  predators, 
are  left  alone.  Many  tropical  insects  have  evolved  this  type  of  protec¬ 
tion.  The  arrangement  is  only  possible  where  there  are  many  more 
genuinely  disagreeable  or  dangerous  organisms  than  forms  which  mimic 
them,  for,  obviously,  if  half  the  time  or  more,  a  predator  finds  that 
animals  with  a  particular  shape  and  color  are  palatable,  he  will  not  be¬ 
come  conditioned  to  avoid  them. 

Color  and  pattern  are  also  used  to  attract  other  organisms  when  that 
is  necessary  for  survival.  The  red  and  blue  ischial  callosities  of  monkeys, 
and  the  gay,  extravagant  plumage  of  various  birds  apparently  have  an 
attraction  for  members  of  the  opposite  sex.  And  vividly  colored  flowers 
seem  to  draw  bees  and  birds  whose  activities  are  helpful  to  the  plants  in 
insuring  pollination. 
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These  are  but  a  few  of  the  special  adaptations  which  enable  plants 
and  animals  to  obtain  food,  escape  enemies  and  carry  on  the  processes 
of  reproduction.  Each  living  form  benefits  from  the  accumulated  adapta- 
ions  of  its  ancestors,  which  the  continuing  process  of  natural  selection 
is  constantly  perfecting.  Alone  of  all  the  animals,  man  seems  to  be  making 
a  determined  effort  not  to  adapt  to  his  environment,  but  to  adapt  the 
environment  to  himself. 

6.  Terrestrial  Life  Zones.  In  addition  to  what  might  be  called  their  hori¬ 
zontal  distribution,  organisms  are  distributed  vertically  as  well,  some 
habitats  being  on  the  surface  of  the  earth,  others  beneath  it,  and’ so  on. 

lliis  vertical  distribution  is  strikingly  apparent  when  one  drives  from 
the  floor  of  the  San  Joaquin  Valley  of  California  into  the  Sierras.  The 
floor  of  the  valley  is  semidesert  (it  would  be  much  more  arid  were  it 
not  for  extensive  irrigation),  with  vegetation  consisting  of  sagebrush, 
cactus,  yucca,  thorny  shrubs  and  short-lived  annual  plants,  capable  of 
completing  their  entire  life  cycle— from  seed  through  the  adult  plant 
and  flowers,  to  seed — in  the  few  weeks  following  a  rain.  Its  fauna  is 
made  up  of  a  few  birds,  mice,  lizards  and  snakes.  This  region  is  called 
the  Sonoran. 

As  one  ascends  the  foothills  the  next  zone  is  the  colder  and  moister 
Transitional  region,  consisting  of  deciduous  forests,  such  as  oaks  and 
beeches,  and  an  animal  population  of  blue  jays,  skunks,  deer  and  meadow 
mice. 

Still  higher  is  the  Hudsonian-Canadian  region  of  evergreen  forests, 
with  pines  and  firs,  and  such  animals  as  the  woodchuck,  porcupine, 
rabbit,  fox  and  wolf. 

Above  the  timberline  is  the  Arctic-Alpine  region,  snow-clad  for  half 
the  year  or  more.  The  vegetation  here  consists  of  mosses  and  lichens, 
plus  a  few  low  shrubs,  and  the  fauna  is  comprised  of  a  few  insects,  rosy 
finches,  conies  and  mountain  goats. 

In  equatorial  areas,  along  the  coast  near  sea  level,  is  a  region  called 
the  Tropical  Rain  Forest,  lower  than  the  Sonoran.  Those  like  the  coasts 
of  Mexico  and  Ecuador,  and  the  Amazon  and  Congo  valleys,  are  char¬ 
acterized  by  a  profusion  of  luxuriant,  broad-leaved  trees  and  vines,  and 
by  monkeys,  exotic  birds,  butterflies,  beetles  and  spiders,  which  thrive 
in  its  hot,  humid  climate. 

These  life  zones  are  differentiated  on  the  basis  of  such  things  as  the 
amount  of  annual  rainfall,  the  temperature  range  and  the  length  of  the 
growing  season,  which  determine  the  types  of  vegetation,  the  plants, 
in  turn,  plus  the  physical  factors,  determine  the  fauna  of  the  region. 

As  one  travels  from  the  equator  in  the  direction  of  either  pole,  the 
same  series  of  life  zones  can  be  differentiated  as  exist  at  various  altitudes 
of  the  same  latitude.  Thus  one  finds  the  Sonoran  region  in  the  Mexican 
plateau  and  southwestern  United  States,  the  Transitional  region  in  the 
central  and  eastern  United  States  *  the  Hudsonian-Canadian  region  in 
southern  and  central  Canada,  and  the  Arctic-Alpine  in  northern  Canada 

and  Alaska. 

*  The  prairie  regions  of  the  West  cannot  support  forests  because  the  long  dry  spells  pre¬ 
vent  tree  seedlings  from  becoming  established. 
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7  Marine  Life  Zones.  Like  the  land,  the  ocean  has  clearly  demarcated 
regions  characterized  by  different  physical  conditions,  and  consequently 
inhabited  by  quite  different  plants  and  animals.  These  are  as  follows 
(1)  the  tidal  zone,  the  beach  between  the  high  and  low  tide  mar  s  (  ) 
the  shallow  sea,  the  region  lying  over  the  continental  shelf  and  extend¬ 
ing  out  to  a  depth  of  about  500  feet;  (3)  the  pelagic,  the  open  ocean 
down  as  far  as  sunlight  can  penetrate  (some  500  to  1000  feet) ,  and  (  ) 
the  abyssal  region,  the  area  of  the  ocean  beyond  the  continental  shelt 

and  beneath  the  pelagic.  „  .  ......  .« 

The  tidal  zone  is  one  of  the  most  favorable  of  all  the  habitats  in  the 

world,  and  many  biologists  believe  that  life  originated  here.  The  abund¬ 
ance  of  light,  water,  oxygen,  carbon  dioxide  and  minerals  makes  it 
extremely  salutary  for  plants  and,  by  assuring  them  sufficient  food, 
makes  it  an  excellent  habitat  for  animals.  The  plants  of  the  region  are 
primarily  a  wide  variety  of  algae  and  a  few  grasses.  Members  of  every 
phylum  of  the  animal  kingdom  are  present,  too,  a  situation  which  pre¬ 
vails  only  here  and  in  the  nearby  shallow  sea.  There  is  keen  competition 
among  the  plants  for  space,  and  among  the  animals  for  space  and  food, 
so  the  forms  living  here  have  to  evolve  special  adaptations  in  order 
to  survive. 

Since  the  intertidal  zone  is  exposed  to  air  twice  daily,  its  inhabitants 
have  had  to  develop  some  form  of  protection  against  drying  up.  Some 
animals  avoid  this  by  simply  burrowing  into  the  damp  sand  or  rocks 
until  the  tide  returns;  others  have  developed  shells  which  can  be  closed, 
and  so  retain  a  portion  of  water.  Many  plants  are  equipped  with  a  jelly- 
like  substance  (agar)  which  absorbs  and  holds  large  quantities  of  water 
while  the  tide  is  out. 

One  of  the  outstanding  conditions  of  this  region  is  the  everpresent 
action  of  the  waves,  which  the  organisms  living  on  a  sandy  or  rocky 
beach  have  had  to  find  ways  of  resisting.  The  various  sea  weeds  all  have 
tough,  pliable  bodies,  able  to  bend  with  the  waves  without  breaking, 
while  the  animals  are  either  encased  in  hard,  calcareous  shells,  like  those 
of  the  molluscs,  bryozoa,  starfish,  barnacles  and  crabs,  or  are  covered 
with  a  strong,  leathery  skin  that  can  bend  without  breaking,  like  that 
of  the  sea  anemone  and  octopus. 

The  shallow  sea  region  is  also  thickly  populated,  for  it  has  plenty 
of  light  and  other  things  required  by  plants.  The  absence  of  the  periodic 
exposure  to  air,  and  the  diminished  wave  action  permits  many  animals 
to  live  here  that  could  not  survive  in  the  tidal  zone.  Many  species  of 
fish  exist  here,  and  many  single-celled  algae;  the  larger  sea  weeds,  which 
need  a  substrate,  are  found  only  in  the  shallower  parts  of  the  region. 

The  pelagic  region,  distinguished  by  the  presence  of  sunlight  and 
the  absence  of  a  substrate,  is  populated  by  “swimmers”  and  “floaters.” 
There  are  no  large  sea  weeds  here  (except  occasional  pieces  torn  from 
their  anchorage  by  waves  and  washed  to  sea  as  in  the  “Sargasso  Sea”) , 
and  fewer  microscopic  algae  than  in  the  zones  nearer  shore.  There  are 
many  varieties  of  microscopic  animals:  protozoa,  such  as  foraminifera 
and  radiolana;  small  Crustacea;  and  the  larvae  of  many  forms.  A  few 
arge  animals  live  here— the  jellyfish,  the  Portuguese  man-of-war,  the 
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squid,  plus  a  few  fishes  and  whales.  (Some  whales  feed  upon  the  micro- 
scopic  forms  of  life  and  are  equipped  with  strainers  to  remove  them 

from  the  water;  others,  preying  upon  fish,  squids  and  other  whales,  are 
equipped  with  teeth.) 

Below  the  pelagic  is  the  abyssal  region,  characterized  by  the  absence 
ol  light  and  the  consequent  absence  of  plants.  The  waters  are  quiet  and 
cold,  and  the  pressure  is  stupendous.  The  animals  here  must  feed  upon 
each  other  or  on  the  bodies  of  dead  plants  and  animals  that  are  con¬ 
stantly  settling  down  from  above.  Most  of  the  fish  of  the  abyssal  region 
are  rather  small  and  peculiarly  shaped,  and  many  are  equipped  with 
luminescent  organs,  which  act  as  lures  for  the  forms  preyed  upon.  The 
majority  of  the  deep-sea  creatures  are  related  to  shallow-sea  forms,  and 
they  must  have  migrated  to  their  present  habitat  recently,  geologically 
speaking,  for  none  is  older  than  the  Mesozoic. 

Since  the  number  of  any  species  in  these  vast  depths  is  small,  repro¬ 
duction  is  more  of  a  problem  than  in  any  other  region,  and  some  animals 
have  evolved  a  curious  adaptation  to  ensure  that  reproduction  will  occur. 
At  an  early  age  the  male  becomes  attached  to  and  fuses  with  the  head 
of  the  female,  where  he  continues  to  live  as  a  small  (inch-long)  parasite. 
In  due  course,  he  becomes  mature,  and,  when  the  female  lays  her  eggs, 
he  releases  his  sperm  into  the  water  to  fertilize  them. 

The  bottom  of  the  sea  is  a  soft  ooze,  made  of  the  organic  remains  and 
shells  of  foraminifera,  radiolaria  and  other  animals.  Many  invertebrates 
live  on  the  ocean  floor  at  great  depths,  and  are  usually  characterized  by 
thin,  almost  transparent  shells,  whereas  the  related  shallow-water  forms, 
exposed  to  wave  action,  have  thick,  hard  shells.  Apparently  even  the 
greatest  “deeps”  are  inhabited,  for  tube-dwelling  worms  have  been 
dredged  from  depths  of  24,000  feet,  and  sea  urchins,  starfish,  bryozoa 
and  brachiopods  have  been  found  at  depths  of  18,000  feet. 

With  the  discussion  of  distribution  we  return  to  the  subject  which 
formed  our  point  of  departure  in  the  introductory  chapter — the  earth 
with  its  abundance  and  diversity  of  living  things.  As  we  think  of  the 
panorama  now,  it  should  be  more  substantial,  supported  by  what  we 
know  of  the  ways  in  which  living  things  differ  from  inanimate  objects, 
the  kinds  of  organisms  there  are  and  their  relationships,  the  structure 
and  function  of  various  animals  and  plants,  the  processes  of  evolution 
and  the  distribution  of  organisms  over  the  earth. 

However  useful  and  interesting  these  facts  about  the  animate  world 
may  be,  they  are  equally — perhaps  we  should  say  particularly— valuable 
simply  as  a  base  for  other  investigations.  In  the  first  chapter  we  found 
that  it  is  possible  to  think  of  the  world  and  the  universe  as  existing  on 
three  different  levels,  and  that  the  solid,  familiar  level  of  the  earth  with 
its  plants  and  animals  is  dependent  upon  a  mysterious  substrate  ot 
atoms  and  electrons,  and  is  the  foundation,  in  turn  of  a  mysterious 
superstructure— the  world  of  human  affairs.  In  this  book  it  was  our 
business  to  survey  the  outstanding,  broad  divisions  of  th,e  living,  solid 
level*  above  all  alse,  we  should  be  left  with  an  impression  of  how  closely 
related  are  the  three  levels,  of  how  tenuous  is  the  line  between  for 
instance,  the  biochemistry  of  the  brain  cells,  the  anatomy  and  physiology 
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of  the  brain  (and  the  entire  body)  and  such  phenomena  as  thought  and 
emotion.  This  is  to  suggest  that  whether  one  is  interested  in  first  causes 
or  final  effects  the  science  of  biology  provides  an  excellent  basis  for  a 
liberal  education,  but  that  it  is  only  a  beginning. 

QUESTIONS 

1.  Explain  the  concept  of  the  ecologic  niche.  Define  the  ecologic  niche  of  a  bee. 

2.  What  is  a  habitat?  .  . 

3.  What  is  environmental  resistance?  How  would  you  measure  the  environmental  resist¬ 
ance  to  rabbits  on  Long  Island? 

4.  Contrast  adaptive  radiation  and  convergent  evolution. 

5.  Discuss  the  main  types  of  adaptation  exhibited  by  mammals. 

6.  What  determines  the  extent  of  the  vertical  life  zones? 

7.  Compare  the  adaptations  made  by  barnacles,  snails  and  starfish  which  enable  them  to 
survive  in  the  intertidal  zone. 

8.  What  value  has  biology  for  the  average  person?  How  do  you  think  it  compares  with 
history,  philosophy  and  psychology  as  a  point  of  departure  for  trying  to  understand  the 
world?  What  are  the  limitations  of  the  “biological  viewpoint?” 
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A  SURVEY  OF  THE  PLANT  AND 

ANIMAL  KINGDOMS 

THE  SYSTEM  of  classifying  animals  and  plants— cataloguing  them 
by  phylum,  class,  order,  family,  genus  and  species  was  discussed 
in  Chapter  5.  In  the  synoptic  survey  given  here  the  phyla  within  the 
kingdoms  and  the  classes  within  the  phyla  are  arranged  in  the  order  of 
increasing  complexity  as  far  as  possible;  but  since  evolution  has  proceeded 
in  a  branching  fashion,  it  is  impossible  to  arrange  the  animals  and  plants 
rigidly  in  order,  from  simple  to  complex.  The  numbers  given  are  esti¬ 
mates  of  the  known  species  in  the  phylum;  for  many  of  the  groups 
there  are  many  additional  species  as  yet  undescribed. 

I.  TIIE  PLANT  KINGDOM 

Organisms  classified  as  plants  usually  have  stiff  cell  walls  and  chloro¬ 
phyll. 

1.  Phylum  Thallophyta.  The  simplest  plants,  without  true  roots,  stems 
or  leaves;  the  body  is  either  a  single  cell  or  an  aggregation  of  cells  with 
little  differentiation  into  tissues.  (107,000) 

Subphylum  Algae.  Thallophytes  with  chlorophyll  and  autotrophic 
nutrition. 

Class  Cyanophyceae.  The  blue-green  algae,  with  no  distinct  nuclei  or 
chloroplasts;  probably  the  most  primitive  of  existing  plants. 

Class  Chlorophyceae.  The  green  algae,  with  definite  nuclei  and  chloro¬ 
plasts. 

Class  Phaeophyceae.  The  brown  algae,  with  multicellular,  often  large 
bodies — the  large  seaweeds. 

Class  Rhodophyceae.  The  red  algae.  Multicellular,  usually  marine 
plants,  sometimes  impregnated  with  calcium  carbonate. 

Subphylum  Fungi.  Thallophytes  without  chlorophyll  and  with  sa¬ 
prophytic  or  parasitic  nutrition. 

Class  Schizomycetes.  The  bacteria. 

Class  Myxomycetes.  The  slime  molds.  The  body  consists  of  a  mass 
of  protoplasm  containing  many  nuclei,  but  not  sharply  divided  into  cells. 
Movement  by  ameboid  motion. 

Class  Phycomycetes.  The  algal  fungi— bread  molds  and  leaf  molds. 
Class  Ascomycetes.  The  sac  fungi— yeasts,  mildews  and  cheese  molds. 
Class  Basidiomycetes.  Mushrooms,  toadstools,  rusts  and  smuts. 

Class  Fungi  Imperfecti.  A  heterogeneous  collection  of  fungi  in  which 
sexual  reproduction  is  unknown,  and  which  are  not  easily  assigned  to 
one  of  the  other  classes. 

2.  Phylum  Bryophyta.  Multicellular  plants,  usually  terrestrial,  with 
a  marked  alternation  of  sexual  and  asexual  generations.  The  prominent 
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plant  is  the  gametophyte  (sexual  generation) ,  on  which  the  sporophyte 
is  dependent.  (23,000) 

Class  Hepaticae.  The  liverworts.  Usually  simple,  flat  plants,  living  in 
moist,  shady  places. 

Class  Musci.  The  mosses.  The  gametophyte  plant  has  an  erect  stem, 
and  leaves  arranged  in  a  spiral. 

3.  Phylum  Pteridophyta.  Multicellular,  terrestrial  plants,  with  true 
roots,  stems  and  leaves,  a  well-developed  vascular  system,  and  with 
alternation  of  sexual  and  asexual  generations.  The  prominent  plant  is 
the  sporophyte;  the  gametophyte  is  free-living  and  tiny.  (9000) 

Class  Psilophytales.  The  extinct,  ancestral  pteridophytes. 

Class  Equisetineae.  The  horsetails. 

Class  Lycopodineae.  The  club  mosses  and  quillworts. 

Class  Filicineae.  The  ferns. 

4.  Phylum  Spermatophyta.  Multicellular  plants  with  well-developed 
roots,  stems  and  leaves;  vascular  systems  differentiated  into  phloem  and 
xylem.  The  dominant  plant  is  the  sporophyte;  the  gametophyte  is  small 
and  dependent  on  the  sporophyte.  This  group  includes  the  trees,  shrubs 
and  herbs,  commonly  called  the  seed  plants.  They  differ  from  the  pter¬ 
idophytes  in  reproducing  by  seeds,  and  in  having  pollen  tubes.  (150,000) 

Class  Gymnospermae.  The  conifers,  cycads  and  most  other  evergreen 
trees  and  shrubs.  Spermatophytes  without  true  flowers  or  ovules,  the 
seeds  being  born  naked  on  the  surface  of  the  cone  scales. 

Order  Cycadofilicales.  The  seed  ferns — the  most  primitive  of  the 
spermatophytes — known  only  from  fossils  (Late  Paleozoic  Era) . 

Order  Cycadales.  The  cycads,  the  most  primitive  living  spermato¬ 
phytes,  found  in  tropical  and  subtropical  regions. 

Order  Ginkgoales.  The  ginko,  or  maidenhair  tree,  is  the  only  living 
member  of  this  group. 

Order  Cordaitales.  Extinct,  large-leaved  evergreen  trees.  Fossil  re¬ 
mains  of  these  have  been  found  in  deposits  from  the  Devonian  to  the 


Permian. 

Order  Coniferales.  The  conifers,  the  common  evergreen  trees  and 

shrubs,  with  needle-shaped  leaves. 

Order  Gnetales.  Climbing  shrubs  or  small  trees  found  in  tropical 
and  semitropical  regions,  with  many  characteristics  in  common  with 


the  angiosperms.  . 

Class  Angiospermae.  Flowering  plants,  with  seeds  enclosed  in  an 

Subclass  Dicotyledoneae.  Most  flowering  plants.  Embryos  with  two 
cotvledons  or  seed  leaves;  vascular  bundles  in  a  ring  in  the  stem; 
leaves  with  netlike  venation;  flower  parts  (sepals,  petals,  stamens  and 

carpels)  in  fives,  fours  or  twos.  _  .  . ,  T 

Subclass  Monocotyledoneae.  The  grasses,  lilies  and  orchids.  Leaves 
with  parallel  veins,  stems  in  which  the  vascular  bundles  are  scattered 
and  flower  parts  in  threes  or  sixes.  The  embryo  has  only  one  seed  leaf. 


II.  THE  ANIMAL  KINGDOM 

Organisms  classified  as  animals  usually  lack  stiff  cell  walls,  and  never 
have  chlorophyll;  nutrition  is  either  holozoic  or  parasitic. 


559 


A  Survey  of  the  Plant  and  Animal  Kingdoms 

1.  Phylum  Protozoa.  Microscopic,  unicellular  animals,  which  some¬ 
times  aggregate  in  colonies.  Some  are  free-living;  others  are  parasitic. 


(15,000;  .  „ 

Class  Flagellata.  Protozoa  which  move  by  whiplike  protrusions  oi 

protoplasm  called  flagella.  Primitive  animals,  probably  the  group  most 
closely  related  to  the  one-celled  plants. 

Class  Sarcodina.  Protozoa  which  move  by  pseudopodia. 

Class  Sporozoa.  Parasitic  protozoa  which  reproduce  by  spores  and 
have  no  method  of  locomotion. 

Class  Ciliata.  Protozoa  which  move  by  means  of  cilia. 

2.  Phylum  Porifera.  The  sponges,  both  fresh-water  and  marine.  The 
lowest  of  the  many-celled  animals,  resembling  in  many  respects  a 
protozoan  colony.  The  body  is  perforated  with  many  pores  to  admit 
water,  from  which  food  is  strained.  (3000) 

3.  Phylum  Coelenterata.  Radially  symmetrical  animals  with  a  central 
gastrovascular  cavity.  The  body  wall  consists  of  two  layers  of  cells,  in 
the  outer  of  which  are  stinging  cells,  nematocysts.  (4500) 

Class  Hydrozoa.  Hydra-like  animals,  either  single  or  colonial.  There 
is  usually  an  alternation  of  a  hydra-like  (asexual)  generation  with  a 
jellyfish  (sexual)  generation. 

Class  Scyphozoa.  True  jellyfishes. 

Class  Anthozoa.  The  corals  and  sea  anemones,  which  have  no  alterna¬ 
tion  of  generations.  The  digestive  cavities  of  these  animals  are  divided 
by  mesenteries  to  increase  the  effective  surface. 

4.  Phylum  Ctenophora.  The  comb  jellies  or  sea  walnuts.  These  animals 
lack  the  stinging  capsules  of  coelenterates  and  move  by  means  of  eight 
comblike  bands  of  cilia.  (100) 


5.  Phylum  Platyhelminthes.  The  fiatworms,  with  flat,  and  either  oval 
or  elongated,  bilaterally  symmetrical  bodies,  and  three  cell  layers.  The 
excretory  organs  are  flame  cells.  There  is  a  true  central  nervous  system. 
(6000) 

Class  Turbellaria.  Nonparasitic  fiatworms  with  a  ciliated  ectoderm. 

Class  Trematoda.  The  flukes,  parasitic  fiatworms  with  nonciliated 
ectoderm,  and  one  or  more  suckers.  Many  are  internal  parasites  with 
complicated  life  cycles. 


Class  Cestoda.  The  tapeworms,  parasitic  fiatworms  with  no  digestive 
tract;  the  body  consists  of  a  head  and  a  chain  of  “segments”  or  indi¬ 
viduals  which  bud  from  the  head. 

6.  Phylum  Nemertea.  The  proboscis  worms.  Nonparasitic,  usually 
marine  animals  with  a  complete  digestive  tract  and  a  protrusible  pro¬ 
boscis  armed  with  a  hook  for  capturing  prey.  The  lowest  animals  with 
a  blood  vascular  system.  (400) 

7.  Phylum  Nematoda.  The  roundworms.  An  extremely  large  phylum 
Characterized  by  elongated,  cylindrical,  bilaterally  symmetrical  bodies’ 

they  live  as  parasites  in  plants  and  animals,  or  are  free-living  in  the  soil 
or  water.  (80,000) 


8.  Phylum  Acanthocephala.  The  hook-headed  worms.  Parasitic  worms 

'(100)n°  66  traCt  and  a  hCad  armed  with  many  ^curved  hooks. 

9.  Phylum  Choetognotho.  Free-swimming  marine  worms,  with  a  body 
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cavity  (celom)  which  develops  from  pouches  of  the  digestive  tract  (as 
in  the  echinoderms  and  lower  chordates) .  (30) 

10.  Phylum  Nematomorpha.  The  horsehair  worms.  Extremely  thin, 
brown  or  black  worms  about  6  inches  long,  resembling  a  horsehair.  The 
adults  are  free-living,  but  the  larvae  are  parasitic  in  insects.  (200) 

1 1 .  Phylum  Rotifera.  Small,  wormlike  animals,  commonly  called  “wheel 
animalcules,”  with  a  complete  digestive  tract,  flame  cells,  and  a  circle 
of  cilia  on  the  head,  the  beating  of  which  suggests  a  wheel.  (1200) 

12.  Phylum  Gastrotricha.  Microscopic,  wormlike  animals  resembling 
the  rotifers,  but  lacking  the  crownlike  circle  of  cilia.  (100) 

13.  Phylum  Bryozoa.  “Moss”  animals.  Microscopic  organisms,  usually 
marine,  which  form  branching  colonies.  Characterized  by  a  U-shaped 
row  of  ciliated  tentacles,  the  lophophore,  by  means  of  which  they  cap¬ 
ture  food.  (1200) 

14.  Phylum  Brachiopoda.  The  lamp  shells.  Marine  animals  with  two 
hard  shells  (one  dorsal  and  one  ventral) ,  superficially  like  a  clam.  They 
obtain  food  by  means  of  a  lophophore.  (200  at  present;  3000  extinct) 

15.  Phylum  Phoronida.  Wormlike,  marine  forms  which  secrete  and 
live  in  a  leathery  tube;  they  have  a  U-shaped  digestive  tract  and  a 
lophophore.  (10) 

16.  Phylum  Annelida.  The  segmented  worms.  There  is  a  distinct  head, 
digestive  tract,  celom,  and — in  some — nonjointed  appendages.  The  di¬ 
gestive  system  is  divided  into  specialized  regions.  (8000) 

Class  Polychaeta.  Mostly  marine  worms.  Each  segment  of  their  bodies 
has  a  pair  of  paddle-like  structures  (parapodia)  for  swimming.  Some 
burrow  in  sand  and  mudflats;  some  live  in  calcareous  tubes  which  they 
secrete;  others  swim  freely  in  the  ocean. 

Class  Oligochaeta.  Fresh-water  or  terrestrial  worms,  with  no  para¬ 
podia  and  few  bristles  per  segment. 

Class  Archiannelida.  Primitive  annelids  without  bristles  or  external 

segmentation.  . 

Class  Hirudinea.  The  leeches— flattened  annelids  lacking  bristles  and 

parapodia,  but  with  suckers  at  anterior  and  posterior  ends. 

17  Phylum  Onychophora.  Rare,  tropical  animals,  structurally  inter¬ 
mediate  between  annelids  and  arthropods,  with  an  annelid-like  excre¬ 
tory  system  and  an  insect-like  respiratory  system.  Only  a  few  species 


^8.  Phylum  Arthropoda.  Segmented  animals  with  jointed  appendages 
and  a  hard,  chitinous  skin,  with  a  body  divided  into  head,  thorax  an 

1  la ss  'c r u  s  t  acea^  Lobsters,  crabs,  barnacles,  water  fleas,  and  sowbug. 
Animals  that  are  usually  aquatic,  have  two  pairs  of  antennae,  and 

T^sChi” pXxhe’ tntipedes.  Each  body  segment,  except  the  head 

anCkssI’Diplopoda.rThelemiilipedes.  Each  external  segment  (really  two 

ticks,  mites  and  king  crab, 
AduUs  have  no  antennae;  the  first  pair  of  appendages  ends  m  pincers, 
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the  second  pair  is  used  as  jaws,  and  the  last  four  pairs  are  used  for 

Class  Insecta.  The  largest  group  of  animals,  mostly  terrestrial.  The 
body  is  divided  into  a  distinct  head,  with  four  pairs  of  appendages;  the 
thorax  has  three  pairs  of  legs  and  usually  two  pairs  of  wings;  the  ab¬ 
domen  has  no  appendages.  Respiration  by  means  of  tracheae.  There  are 
about  twenty-four  different  orders  of  insects,  of  which  the  following 
are  common: 

Order  Orthoptera.  Grasshoppers  and  cockroaches. 

Order  Isoptera.  Termites. 

Order  Odonata.  Dragonflies  and  damsel  flies. 

Order  Anopleura.  Lice. 

Order  Hemiptera.  Water  boatmen,  bedbugs  and  back-swimmers. 

Order  Homoptera.  Cicadas,  aphids  and  scale  insects. 

Order  Coleoptera.  Beetles,  weevils  and  fireflies. 

Order  Lepidoptera.  Butterflies  and  moths. 

Order  Diptera.  Flies,  mosquitoes  and  gnats. 

Order  Hymenoptera.  Ants,  wasps,  bees  and  gallflies. 

19.  Phylum  Mollusca.  Unsegmented,  soft-bodied  animals,  usually 
covered  by  a  shell,  and  with  a  ventral,  muscular  foot.  Respiration  is 
by  means  of  gills,  protected  by  a  fold  of  the  body  wall — the  mantle. 
(80,000) 

Class  Amphineura.  Chitons,  marine  forms  with  a  shell  composed  of 
eight  plates. 

Class  Gastropoda.  Snails,  slugs,  whelks,  abalones;  asymmetrical  ani¬ 
mals  with  a  single  spiral  shell,  or  no  shell. 

Class  Pelecypoda.  Clams,  mussels,  oysters,  scallops.  These  lack  a 
head  and  have  a  hatchet-shaped  foot  for  burrowing.  The  shell  consists 
of  two  plates  or  valves  (the  animals  are  called  “bivalves”) ,  one  on  each 
side  of  the  body. 

Class  Cephalopoda.  Squids,  cuttlefish,  octopuses.  Marine  animals 
having  a  well-developed  “head-foot,”  with  eight  or  ten  tentacles,  and 
well-developed  eyes  and  nervous  system. 

20.  Phylum  Echinodermata.  Marine  animals  which  are  radially  sym¬ 
metrical  as  adults,  bilaterally  symmetrical  as  larvae.  The  skin  contains 
calcareous,  spine-bearing  plates.  The  animals  have  a  unique  water  vas¬ 
cular  system  of  canals,  and  tube  feet  for  locomotion.  Respiration  is  by 
skin  gills  or  by  outpocketings  of  the  digestive  tract.  (6000) 

Class  Asteroidea.  The  starfishes.  The  body  is  a  central  disc  with  broad 
arms  (usually  five)  not  sharply  marked  off  from  the  disc. 

Class  Ophiuroidea.  The  brittle  stars  and  serpent  stars.  The  body  is 
a  central  disc  with  narrow  arms  sharply  marked  off. 

Class  Echinoidea.  The  sea  urchins  and  sand  dollars.  Spherical  or  flat¬ 
tened  oval  animals  with  many  long  spines. 

Class  Holothuroidea.  Sea  cucumbers.  Long,  ovoid,  soft-bodied  echino- 
derms,  usually  with  a  ring  of  tentacles  around  the  mouth. 

Class  Crinoidea.  Sea  lilies  and  feather  stars.  The  body  is  cup-shaped 
and  attached  by  a  stalk  to.the  substrate.  Most  of  these  are  known  only 
as  fossils;  only  a  few  survive.  y 
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21.  Phylum  Chordata.  Bilaterally  symmetrical  animals  with  a  noto¬ 
chord,  gill  clefts  in  pharynx,  and  a  dorsal,  hollow  neural  tube.  (70,000) 

Subphylum  Hemichorda.  dhe  acorn  worms.  Marine,  wormlike  forms 
resembling  larval  echinoderms  during  development. 

Subphylum  Urochorda.  The  tunicates  or  sea  squirts.  The  adults  are 
saclike,  attached  animals,  which  often  form  colonies,  but  the  larval 
forms  are  free-swimming  and  have  a  notochord  in  the  tail  region. 

Subphylum  Cephalochorda.  Amphioxus.  Marine  animals  with  a  seg¬ 
mented,  elongated,  fishlike  body.  They  burrow  in  the  sand  and  take 
in  food  by  the  beating  of  cilia  on  the  anterior  end.  They  have  a  noto¬ 
chord  extending  from  the  tip  of  the  head  to  the  tip  of  the  tail. 

Subphylum  Vertebrata.  Animals  having  a  definite  head,  a  backbone 
of  vertebrae,  a  well-developed  brain,  and,  usually,  two  pairs  of  limbs. 
They  have  a  ventrally  located  heart,  and  a  pair  of  well-developed  eyes. 

Class  Agnatha.  Lampreys,  hagfishes  and  fossil  ostracoderms.  Verte¬ 
brates  without  jaws  or  paired  fins. 

Class  Placodermii.  The  spiny-skinned  sharks.  The  earliest  fishes  with 
jaws,  known  only  from  fossils. 

Class  Chondrichthyes.  Sharks,  rays,  skates  and  chimaeras.  Fishes 
with  a  cartilagenous  skeleton  and  scales  of  dentine  and  enamel  imbedded 
in  the  skin. 

Class  Osteichthyes.  The  bony  fishes.  The  sturgeon,  bowfin,  salmon 
and  lungfishes. 

Class  Amphibia.  Frogs,  toads,  salamanders  and  the  extinct  forms, 
stegocephalians.  As  larvae  these  forms  breathe  by  gills;  as  adults  they 
breath  by  lungs.  There  are  two  pairs  of  five-toed  limbs;  the  skin  is  usu¬ 
ally  scaleless. 

Class  Reptilia.  Lizards,  snakes,  turtles,  crocodiles,  the  extinct  dino¬ 
saurs  and  other  forms.  The  body  is  covered  with  scales  derived  from 
the  epidermis  of  the  skin.  The  animals  breathe  by  means  of  lungs  and 
have  a  three-chambered  heart. 

Class  Aves.  The  birds.  Warm-blooded  animals  whose  skin  is  covered 
with  feathers.  Present-day  birds  are  toothless,  but  the  primitive  ones 
had  reptilian  teeth.  The  forelimbs  are  modified  as  wings.  . 

Class  Mammalia.  Warm-blooded  animals  whose  skin  is  covered  with 
hair.  The  females  have  mammary  glands  which  secrete  milk  for  the 

nourishment  of  the  young.  .  ,  , 

Subclass  Monotremata.  The  monotremes,  primitive  forms  that  lay 
eggs.  Most  of  them  are  extinct;  only  two  species  survive,  the  duckbilled 

platvpus  and  the  spiny  anteater. 

Subclass  Marsupialia.  The  pouched  mammals.  The  young  are  born 
alive  but  in  a  very  undeveloped  state.  They  complete  development  in  a 
pouch  on  the  mother’s  abdomen.  The  subclass  includes  opossumsan 
a  variety  of  forms  found  only  in  Australia:  kangaroos,  wallabies,  koala 

bears,  wombats,  and  so  on  develop 

Subclass  Placentalia.  The  placental  mammals.  ThejowJwtop 
ithin  the  uterus  of  the  mother,  obtaining  nourishment  via  the  place  “  • 

Order  Insectivora.  Primitive,  insect-eating  mammals;  moles  and 

shrews. 
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Order  Chiroptera.  Bats. 

Order  Carnivora.  Dogs,  cats,  bears,  sea  lions  and  seals. 

Order  Rodentia.  Rats,  squirrels,  beavers  and  porcupines. 

Order  Lagomorpha.  Rabbits  and  hares. 

Order  Primates.  Monkeys,  apes  and  man. 

Order  Artiodactyla.  Even-toed  ungulates — cattle,  deer,  camels  and 

hippopotamuses. 

Order  Perissodactyla.  Odd-toed  ungulates — horses,  zebras  and  rhi¬ 
noceroses. 

Order  Edentata.  Armadillos,  sloths  and  anteaters. 

Order  Proboscidea.  Elephants. 

Order  Cetacea.  Whales. 

Order  Sirenia.  Sea  cows — large,  plant-eating  aquatic  mammals. 
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The  index  serves  as  a  glossary  as  well;  the  page  in  the  text  where  the  definition  of  a  term 
is  given  is  indicated  in  bold  type. 


Abortion,  358 
Absorption,  190 
of  food,  201 
Abyssal  region,  553 
Acanthocephala,  559 
A .  etabularia,  35,  36 
Acetylcholine,  270 
Acid,  13 
Acidosis,  183 
Acorn  worm,  118 

Acquired  characteristics,  inheritance  of,  469 
Acromegaly,  320 
Actin,  260 
Actinomyces,  397 
Action  currents,  152 
Adaptation(s),  31,  547-555 
color,  550 

physiological,  548,  550 
structural,  548 
Adaptive  radiation,  548 
Addison’s  disease,  318 
Adenosine  triphosphate,  260 
Adrenal  cortex,  317 
glands,  317 
medulla,  317 
Adrenalin,  317 

Adrenocorticotropic  hormone,  323 
Aerobic  bacteria,  387 
Afterbirth,  357 
Agnatha,  121 
Ainus,  544 
Air,  alveolar,  180 
composition  of,  180 
quantity  respired,  179 
sacs,  176,  188,  189 
Alcaptonuria,  450 
Algae,  60,  61,  557 
Alkali,  14 

Allantois,  353,  354,  355 
Alleles,  426 
multiple,  441 
Allelomorphs,  426 
Allergy,  403 

All-or-None  Law,  145,  258,  267 
Alpha  tocopherol,  226 
waves,  277 
Alpine  race,  542 
Alternation  of  generations,  99 
Altitude  sickness,  180 


Alveolar  air,  180 
Alveoli,  176 
Ameba,  168,  211,  287 
Amebic  dysentery,  407 
Ameboid  motion,  93 
American  Indians,  544 
Amino  acids,  26,  27 
essential,  28,  217 
Amitosis,  415 
Amnion,  353,  371 
Amniotic  cavity,  354 
Amoeba  proteus,  93 
Amphibia,  121 
Amphioxus,  120 
Ampulla,  116 
Anabolism,  29,  214 
Anaerobic  bacteria,  387 
Analogous  structures,  90 
Analyses  of  foods,  234 
Anaphase,  417,  418 
Anemia,  129,  134 
pernicious,  135,  231 
Anesthetics,  291,  292 
Angiosperms,  71,  75 
Animal(s),  blood  circulation  in,  167 
classification,  basis  for,  92 
digestive  systems  in,  211 
excretory  devices  in,  245 
kingdom,  90-122 
survey  of,  558 
lower,  hormones  in,  329 
muscles  in,  263 
nervous  systems  in,  287 
organization.  See  Organization. 
pole,  360 
reproduction,  344 
respiratory  devices  in,  188 
tissues,  38 
Annelida,  106,  560 
Annuals,  82 
Anteater,  spiny,  503 
Anthropoidea,  520 
Anti-insulin  hormone,  323 
Antibiotics,  397 
Antibodies,  133,  401 
Antigen,  133 

Antigen-antibody  reactions,  139,  401 
Antiprothrombin,  137 
Antitoxin,  401 
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Aorta,  143 
Aphasia,  277 
Ape-men,  fossil,  528 
Appalachian  Revolution,  494 
Appendicitis,  205 
Appendicular  skeleton,  252 
Appendix,  203 
Aqueous  humor,  297 
Arachnida,  110 
Arc,  reflex,  281 
Archaeopteryx,  476,  501 
Archenteron,  363 
Archeology,  537 
Archeozoic  Era,  487 
Archiannelida,  108 
Archosaurs,  495 
Arctic-Alpine  region,  552 
Armenoid  race,  542 
Arterial  cone,  374 
duct,  156 
Arteries,  143 

hardening  of,  164,  165 
umbilical,  155 
Arthropoda,  109,  560 
Artifacts,  537 
Artificial  respiration,  184 
Ascaris,  104 
Ascomycetes,  63 
Ascorbic  acid,  225 
Asphyxia,  183 
Association  areas,  277 
Astigmatism,  299 
Athlete’s  foot,  395,  407 
Atom,  11 

Auditory  canal,  301 

Augmentation,  240,  242 

Auricle,  145,  374 

Auriculoventricular  node,  148 

Australian  region,  518 

Australoids,  544 

Autocatalysis,  416 

Autonomic  nervous  system,  284 

Autotrophic  plants,  51 

Auxin,  329 

Aves,  121 

Avicularia,  106 

Avidin,  230 

Axial  skeleton,  252 

Axon,  43,  265 


Bacilli,  388 
Backbone,  252 
Bacteria,  385 

in  industrial  processes,  387 
metabolism  of,  390 
reproduction  of,  390 
types  of,  387 
Bacteriophages,  390,  392 
Basal  metabolic  rate,  215 
Basidia,  63 


Basidiomycetes,  63 
Basilar  membrane,  303 
Basophils,  132 
Bats,  290 

Belly  of  muscle,  256 
Beriberi,  229 
Bernard,  Claude,  218 
Bicuspid  valve,  146 
Biennials,  82 
Bile,  200 

pigments,  130,  201 
salts,  200 

Biochemical  genetics,  450 
Biogeography,  517 
Biogeographic  regions,  517 
Biological  interactions,  547 
Biotin,  222,  230 
Birth,  356 
changes  at,  380 
Blade  of  leaf,  86 
Bladder,  urinary,  240 
Blastocoele,  362 
Blastopore,  363 
Blastula,  362 
Blended  inheritance,  439 
Blind  spot,  298 
Blindness,  night,  224 
Blood,  125-142 
amount  of,  125 
banks,  142 

carbon  dioxide  transportation,  182 
cavity,  112 

cells,  red.  See  Erythrocytes. 

white.  See  Leukocytes . 
circulation  in  animals,  167 
clotting,  136 
diseases,  134 
flow  in  veins,  158 
formed  elements,  125,  127 
functions,  125 
groups,  human,  140 
inheritance  of,  441 
oxygen  transportation,  181 
plasma.  See  Plasma. 
platelets,  125,  136 
pressure,  160 

capillary  exchange  and,  162 
proteins,  510,  511 
rate  of  flow,  156 
routes  around  the  body,  153 
tests,  medico-legal,  138 
in  paternity,  442 
vessels,  143 

disorders  of,  164 

Body  defenses  against  disease,  400 
form,  development  of,  369 
plan,  47 
planes,  48 
stalk,  365 
symmetry,  47 
Bone(s),  41 
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Bone(s),  breast,  252 
carpal,  252 
marrow,  129 
metacarpal,  253 
metatarsal,  253 
tarsal,  253 

Bowman’s  capsule,  240 
Brachiopoda,  10G,  560 
Brachycephalic  skull,  541 
Brain,  272 
tumor,  277 
waves,  277 
Breast  bone,  252 
Breathing,  control  of,  184 
mechanics  of,  178 
Bronchi,  176 
Bryophytes,  66,  557 
Bryozoa,  105,  560 
Budding,  334 
Buds,  axillary,  85 
lateral,  85 
terminal,  85 
Bushmen,  543 


Calciferol,  224 
Calcium,  315 
Calorie,  214 
Cambium,  82,  84 
Cambrian  Period,  487 
Cancer,  38,  167 
Canine  teeth,  193 
Cap,  root,  79 
Capillaries,  143 
exchange  of  materials  in,  162 
number,  144 
Capsular  filtrate,  240 
Carbohydrate(s),  23,  216 
metabolism,  218 
in  protoplasm,  23 
Carbon  cycle,  386 

dioxide  transportation  by  blood,  182 
Carbonic  anhydrase,  183 
Carboniferous  Period,  491 
Carotene,  87,  223 
Carpal  bones,  252 
Cartilage,  41,  251 
Cast  fossils,  482 
Catabolism,  29,  214 
Catalysis,  29 
Catalyst,  29,  30 
Catarrhine  monkeys,  521 
Catastrophism,  468 
Cathepsin,  207 
Cecum,  510 
Cell(s),  34-38 
body,  42 
epithelial,  39 
flame,  102,  245 
interstitial,  323,  348 
palisade,  87 


Cellfs),  plate,  419 
wall,  35 

Celom,  92,  106,  107,  366 
Cement  of  teeth,  192 
Cenozoic  Era,  501 
Center  of  origin,  517 
Centipedes,  110 
Central  nervous  system,  271 
Centriole,  37,  418 
Centrum,  252 
Cephalic  index,  541 
Cephalochordata,  119,  562 
Cephalopoda,  115 
Cerebellum,  274 
Cerebral  cortex,  275 
hemispheres,  275 
Cerebrospinal  fluid,  272 
Cerebrum,  274 
Cervix,  350 
Cestoda,  102 
Chaetognatha,  559 
Chimpanzees,  522 
Chiton,  113 
Chlorophyceae,  62 
Chloroplast,  37,  54 
Cholecystokinin,  328 
Choline,  231 
Cholinesterase,  270 
Chondrichthyes,  121 
Chordata,  118,  561 
Chorea,  Huntingdon’s,  457 
Chorion,  353,  354,  355 
Choroid  coat,  296 
Chromatin,  35,  36,  415 
Chromomeres,  415 
Chromonema,  415 
Chromoplast,  37 
Chromosome (s),  36,  415 
homologous,  420,  422 
mutations,  476 
number,  415 
sex,  443 
structure,  415 
Chyme,  198 
Cilia,  95 

Ciliary  body,  297 
ligament,  297 
Ciliata,  95 

Circulation,  blood,  in  animals,  167 
fetal,  154 
plant,  57,  171 

Circulatory  system,  143-172 
Clavicle,  252 
Cleavage,  361 
in  frog  and  chick  eggs,  363 
in  human  egg,  364 
Clitoris,  351 
Clotting  of  blood,  136 
Club  moss,  70 
Cocci,  388 
Cochlea,  302,  303 
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Cochlear  canal,  303 
Coelenterata,  97,  168,  559 
Coenzyme,  229,  230 
Collenchyma,  44 
Colloid,  i5 
Colon,  203 
Colony,  social,  112 
Color  adaptations,  550 
of  eyes,  456 
of  hair,  455 
of  skin,  250 

Coloration,  protective,  550 
warning,  550 
Commensalism,  102 
Compound(s),  13 

in  protoplasm,  22,  23 
Condiments  in  diet,  221 
Conditioned  reflex,  282,  283 
Conduction,  265 
Condylarths,  506 
Cones,  298 
Conifer,  73 

Connector  neurons,  265 
Conservation  of  Matter,  Law  of,  14 
Constipation,  204 
Contraception,  461 
Contractile  vacuole,  37,  94,  95,  245 
Contraction,  muscular,  258,  262 
chemistry  of,  260 
period,  259 

Convergent  evolution,  115,  548 
Coordination  in  plants,  67 
Copulation,  351 
Corals,  99 
Cork  cambium,  84 
Cornea,  296 
Corona  radiata,  351 
Corpus  luteum,  325 
Corpuscles,  red.  See  Erythrocytes. 
Cortex  of  loot,  80 
Cortin,  318 
Cowper’s  glands,  348 
Cranial  index,  541 
nerves,  280,  281 
Cranium,  252 
Creatine,  224 
Creodonts,  505 
Cretaceous  Period,  495 
Cretin,  311,  312 
Cretinism,  311 
Cro-Magnon  man,  535 
Crocodiles,  500 
Crop,  107 

Cross,  dihybrid,  434 
monohybrid,  427,  434 
test,  429 

Crossing  over,  445 
Crown  of  teeth,  192 
Crustacea,  109 
Ctenophora,  100,  559 
Cultural  evolution,  537 


Curare,  256 
Cutin,  67 
Cyanophyceae,  61 
Cycads,  73,  74 
Cytochrome,  131,  221 
Cytoplasm,  37 


Dandruff,  250 
Darwin,  Charles,  469  ff. 

Dead  space,  179 
Deafness,  305 
Deamination,  28,  219 
Decay,  386 

Defecation,  203,  204,  238 
Dementia  praecox,  279,  457 
Dendrite,  43,  265 
Dentrifying  bacteria,  387 
Dentine,  192 
Dermis,  249 
Detoxification,  217,  218 
Development,  control  of,  378 
Devonian  Period,  489 
de  Vries,  Hugo,  474 
Diabetes,  243,  315 
insipidus,  244,  320 
Dialysis,  18 
Diaphragm,  177 
Diarrhea,  204 
Diastase,  207 
Diastole,  149 
Dicotyledons,  76 
Diet,  233 

components  of,  220 
condiments  in,  221 
roughage  in,  221 
Diffusion,  16 
Digestion,  190 
chemistry  of,  205 
enzymes  important  in,  206 
plant,  57 

Digestive  glands,  stimulation  of,  209 
system,  190-213 
in  animals,  211 
tract,  development  of,  375 
disorders  of,  205 
microscopic  anatomy,  194 
Digitigrade,  254 
Dihybrid  cross,  434 
Dinaric  race,  542 
Dinosaurs,  500 
Diploid  number,  420 
Disease,  body  defenses  against,  400 
functional,  308 
germ  theory  of,  397 
infectious,  399 
Dolichocephalic  skull,  541 
Dominance,  incomplete,  430 
Dominant  gene,  427 
Dryopithecus,  528 
Duckbilled  platypus,  503 
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Duct,  arterial,  156 
Ductus  arteriosus,  156 
Duodenum,  198 
Dynamic  equilibrium,  130 
Dysentery,  amebic,  407 


Ear,  301 
drum,  301 
efficiency  of,  304 
evolution  of,  305 
Earthworm,  106,  169,  212,  28* 
Echinodermata,  115,  561 
Ecologic  niche,  54 
Ecology,  547 
Ectoderm,  363,  377 
Ectoplasm,  37 
Edema,  126,  167,  244,  456 
Effector,  265 
Egg(s),  43,  333 
types  of,  360,  361 
Electric  organ,  264 
Electrocardiograph,  152 
Electroencephalograph,  277 
Electrolyte,  14 
Electron,  11 
microscope,  385 
Element(s),  12 
in  protoplasm,  21 
Embolus,  138 
Embryo,  362,  369 
development  of,  360-382 
nutrition  of,  353 
Embryonic  membranes,  353 
Emotions,  284 
Emulsion,  15 
Enamel,  192 

Endocrine  glands,  interrelationships,  329 
system,  308-330 
Endodermis  of  root,  80 
Endolymph,  303 
Endoplasm,  37 
Endoskeleton,  251 
Endosperm,  343 
Endothelium,  145 
Endotoxins,  399 
Energy,  15 
requirements,  215 
Enterokinase,  208 
Entoderm,  363,  377 
Environment,  effect  on  genes,  451 
Environmental  resistance,  548 
Enzymes,  29,  30,  205 
important  in  digestion,  206 
respiratory,  131 
Eoanthropvs  dawsoni,  532 
Eocene  Epoch,  502 
Eosinophils,  132 
Epidermis,  67,  249 
bullosa,  456 
of  leaf,  86 


Epidermis  of  root,  80 
Epididymis,  348 
Epigenesis,  378 
Epiglottis,  175 
Epilepsy,  277,  458 
Epinephrine,  317 
Epithelium,  39 
germinal,  325 
pavement,  39 
Equilibrium,  306 
dynamic,  130 
Eras,  geological,  487 
Erepsin,  208 
Erythrocyte(s),  125,  127 
count,  128 
life  history,  129 
Eskimos,  544 
Esophagus,  196 
Essential  amino  acids,  28,  217 
Estrogen,  325 
Estrus  cycle,  326 
Ethiopian  region,  518 
Eugenics,  460 
Eunuch,  323 
Eurypterid,  489 
Eustachian  tubes,  195,  301 
Evolution,  467-555 
anatomic  evidence  for,  509 
convergent,  115,  548 
cultural,  537 
of  ear,  305 

embryologic  evidence  for,  512 
evidence  from  biochemistry,  510 
from  geographic  distribution,  516 
from  physiology,  510 
fossil  evidence  for,  482-508 
genetic  evidence  for,  515 
of  heart,  169 
human,  520-546 
inorganic,  467 

living  evidence  for,  509-519 
of  lungs,  186 
of  man,  535 
organic,  467 
outcome  of,  547-555 
principles  of,  480,  481 
reptilian,  495 
sexual,  336 
straight-line,  477 
Excretion,  238 
in  plants,  59,  247 
Excretory  devices  in  animals,  245 
system,  238-247 
Exophthalmic  goiter,  312 
Exophthalmos,  312 
Exoskeleton,  251 
Exotoxins,  399 
Expressivity,  447,  448 
Extensor  muscle,  257 
Eye  color,  456 
human,  296 
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Eye,  mosaic,  296 
muscles,  298 
spots,  295 

Facial  index,  541 
Facilitation,  283 
Fallopian  tubes,  349 
Far  sightedness,  299 
Fat(s),  23,  25,  26,  216 
metabolism,  219 
in  protoplasm,  25 
Fat-metabolism  hormone,  323 
Fatigue,  262 
Feces,  204 

Feeble-mindedness,  459 
Femur,  253 
Fermentation,  390 
Fern,  69 
life  cycle,  341 
Fertilization,  345,  351  ^ 

Fetal  circulation,  154 
Fibrin,  136 
Fibula,  253 
Filaria,  104 
Filtrate,  capsular,  240 
Filtration,  240,  241 
Fingernails,  250 
Fingerprints,  249 
Fission,  334 

Fissure  of  Rolando,  276 
Flagella,  96 
Flagellata,  96 
Flame  cell,  102,  245 
Flatworms,  100 
Flexor  muscle,  257 
Flower,  341 
Fluid,  tissue,  144 
Folic  acid,  230 

Follicle-stimulating  hormone,  322 
Food,  absorption  of,  201 
analyses,  234 
storage  in  plants,  89 
vacuole,  37,  94,  99,  211 
Foramen  ovale,  155,  301,  375 
Foraminifera,  94 
Forest,  rain,  tropical,  552 
Fossil,  482 
ape  men,  528 

members  of  genus  Homo,  532 
primates,  527 
Fovea,  298 
Fragmentation,  334 
Frontal  section,  48 
Fructose,  24 
Fruit,  344 
scars,  86 
Fuels,  body,  217 
Functional  diseases,  308 
Fundus  of  stomach,  197 
Fungi,  60,  63,  394,  556 
imperfect,  65 


Galactose,  24 
Gallbladder,  200 
Gallstones,  201 
Galley  Hill  man,  534 
Gametes,  333 
law  of  purity  of,  429 
Gametophyte,  338 
Ganglia,  165,  280 
Gas  exchange  in  lungs,  180 
Gastric  juice,  206 
Gastrin,  209 

Gastrocnemius  muscle,  258 
Gastrocolic  reflex,  203 
Gastropoda,  114 
Gastrotricha,  105,  560 
Gastrovascular  cavity,  97,  98 
Gastrula,  362 
Gastrulation,  362 

in  frog  and  chick  eggs,  363 
in  human  egg,  364 
Gel,  16 

Gene(s),  36,  415,  426 
complementary,  436 
dominant,  427 

effect  of  environment  on,  451 
hybrid,  428 
interactions  of,  436 
lethal,  441 
mutations,  476 
recessive,  427 
supplementary,  437 
Generation  (s),  alternation  of,  99 
filial,  428 
parental,  428 
spontaneous,  31 
Genetics,  414,  434-452 
biochemical,  450 
Genotype(s),  428 
deducing,  431 
Genus,  59 

Geologic  time  table,  484,  486 
Geological  eras,  487 
revolutions,  486 
Geotropism,  57 

Germ  layer,  contributions  of,  377 
theory  of  disease,  397 
Germinal  epithelium,  325 
Gestation  period,  373 
Gibbons,  521 
Gigantopithecus,  532 
Gill(s),  189 
slits,  375 
Ginkgo,  73,  74 
Gizzard,  107 
Glaciation,  507 
Gland(s),  adrenal,  317 
Cowper’s,  348 
digestive,  209 
endocrine,  329 
mammary,  249 
parathyroid,  313 
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Gland (s),  parotid,  104 
pineal,  329 
pituitary,  318 
prostate,  348 
salivary,  193 
sublingual,  194 
submaxillary,  194 
thyroid,  310 
Glomerulus,  240 
Glucose,  13,  23,  24,  218 
Glycogen,  25,  218 
Gnetales,  74.  75 
Goiter,  220,  221,  311 
exophthalmic,  312 
Goldschmidt,  R.,  475 
Golgi  bodies,  37 
Gonadotropic  hormones,  320 
Gorillas,  522 
Gout,  512 
Gram,  9 
Grana,  54 
Gristle,  41 
Ground  pines,  70 
Growth,  30 
hormone,  320 
Guinea  worm,  104 
Gymnosperms,  71,  72 

Habit,  283 
Habitat,  547 
Hair,  250 
color,  455 
“peppercorn,”  543 
root,  79  * 

Haploid  number,  420 
Harmonics,  304 
Hearing,  theory  of,  303 
Heart,  145 
“attack,”  164 
beat,  147 

adaptation  to  body  activity,  153 
cycle,  149 
disorders  of,  164 
electrical  changes  in,  151 
evolution  of,  169 
formation  of,  373 
regulation  of,  153 
sounds,  151 
Heartwood,  83 
Heat  regulation,  248,  249 
Heidelberg  man,  533 
Hemichorda,  562 
Hemocyanin,  131 
llemocytometer,  128 
Hemoglobin,  26,  104,  128,  181 
Hemophilia,  138 
Hepatic  portal  system,  154 
Heredity,  413 
physical  basis,  413-433 
Hermaphroditism,  344 


Heterotrophic  plants,  52 
Heterozygous  genes,  428 
“High  energy  phosphate  bonds,”  261 
Hirudinea,  108 
Ilolarctic  region,  518 
Ilolozoic  nutrition,  52 
Hominidae,  520 
Homo  heidelbergensis,  533 
neanderthalensis,  533 
rhodesiensis,  534 
sapiens,  534 
soloensis,  533,  534 
Homologous  structures,  90 
Homology,  509 
Homozygous  genes,  428 
Hookworm,  104 
Hormone  (s),  209,  308 
adrenocorticotropic,  323 
anti-insulin,  323 
fat-metabolism,  323 
follicle-stimulating,  322 
gonadotropic,  320 
growth,  320 
lactogenic,  322 
in  lower  animals,  329 
luteinizing,  322 
pituitary,  323 
in  plants,  329 
thyrotropic,  323 
Horsetails,  69 
Hottentots,  543 

Iludsonian-Canadian  region,  552 
Humerus,  252 
Hunger,  293 

Huntington’s  chorea,  457 
Hyaluronic  acid,  351 
Hyaluronidase,  351 
Hybrid  genes,  428 
vigor,  448 
Hybridization,  479 
Hydra,  97,  211,  287 
Hymen,  351 
Hyperthyroidism,  312 
Hypertonic  fluid,  20 
Hypertrichosis,  456 
Hypothyroidism,  312 
Hypotonic  fluid,  20 

Ichthyosaurs,  501 
Ichthyosis,  456 

Idiocy,  amaurotic,  juvenile,  457 
Idiots,  459 
Imbeciles,  459 
Immune  carrier,  404 
Immunity,  acquired,  401 
natural,  402 
Implantation,  352,  353 
Impulse(s),  nerve,  266,  291.  See  also  Nervi 
transmission  in  plants,  288 
Inbreeding,  448 
Incisor  teeth,  193 
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Incomplete  dominance,  430 
Index,  cephalic,  541 
cranial,  541 
facial,  541 
nasal,  541 

Indians,  American,  544 
Indigestion,  205 
Indonesians,  544 
Infantile  paralysis,  405 
Inferior  vena  cava,  146 
Inflammation,  133,  401 
Ingestion,  190 
Inguinal  canal,  347 
Inheritance,  blended,  439 
of  blood  groups,  441 
of  intelligence,  458 
in  man,  453-463 
of  mental  disorders,  457 
of  mental  traits,  457 
of  physical  traits,  454 
of  skin  color,  439,  440 
of  special  abilities,  460 
Inhibition,  271 
Inoculation,  401 
Inositol,  230,  232 
Insanity,  278 

manic-depressive,  458 
Insects,  110,  169 
parasitic,  395 
Insertion  of  muscle,  256 
Instincts,  112 
Insulin,  316 
Integration,  265 
Integument,  248 
Integumentary  system,  248-250 
Intelligence,  classification  of,  459 
inheritance  of,  458 
quotient,  459 

Interactions,  biological,  547 
gene,  436 
Internode,  85 
Intersex,  443 
Interstitial  cells,  323,  348 
Intestinal  juice,  208 
movements,  199 
Intestine,  large,  203,  204 
small,  198 
Iodine,  220,  221 
radioactive,  313 
Ion,  13 
Iris,  296 
Irritability,  31 
Ischial  callosities,  521 
Islet  cells  of  pancreas,  315 
Isolation,  471,  472 
ecological,  472 
genetic,  472 
geographic,  471,  472 
Isolecithal  egg,  360 
Isotonic  fluid,  20 
Isotope,  12 


Java  ape  man,  530 
Jellyfish,  99 
Joints,  253 
Jurassic  Period,  495 
Juvenile  amaurotic  idiocy,  457 

Kangaroo,  505 
Ketone  bodies,  316 
Kidney,  239 

development  of,  375 
diseases  of,  244 
pelvis,  239 

regulatory  function  of,  243 
stones,  245 
threshold,  243 
Kinesthesis,  292,  293 
Knee  cap,  253 
Koch’s  postulates,  398 


Labia,  350,  351 
Labyrinth,  302 
Lactase,  208 
Lactose,  24 

Lactogenic  hormone,  322 
Lamarck,  Jean  Baptiste  de,  469 
Larynx,  175 
Latent  period,  259 
Latex,  127 

Law,  All-or-None,  145,  258,  267 
of  Conservation  of  Matter,  14 
of  Independent  Segregation,  343 
of  Segregation,  429 
Learning,  283 
Leaf  epidermis,  86 
functions,  86 
scars,  86 
Leaves,  66 
Leeches,  108 
Lemurs,  520 
Lens,  296 
Lenticel,  84 
Leukemia,  135 
Leukocyte(s),  125,  131 
count,  differential,  13£ 
life  history,  134 
Leukoplast,  37 
Lichens,  65 
Life  cycle  (s),  338 
of  fern,  341 
of  mosses,  339 
of  seed  plant,  341 
zones,  marine,  552 
terrestrial,  552 
Ligament,  40,  251 
ciliary,  297 
Lignin,  46,  254 
Linkage,  445 
specific,  447 
group,  447 
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Lipase,  207 
Liver,  200,  217,  218 
fluke,  102,  103 
Liverworts,  68 

Living  things,  characteristics  of,  28 
Lizards,  495 

Locomotion,  types  of,  254 
Lophophore,  105,  106 
Lungs,  176,  177 
evolution  of,  186 
gas  exchange  in,  180 
Lungfish,  188 
Luteinizing  hormone,  322 
Lymph  flow,  166 
nodes,  165 
system,  165 
functions,  166 
Lymphocytes,  132 


Macromutation,  474 
Malaria,  96,  335 
Malformations,  880 
Malpighian  tubules,  246 
Maltase,  208 
Maltose,  24 
Mammalia,  121 
Mammals,  Age  of,  501 
Mammary  glands,  249 
Man,  Age  of,  506 
Cro-Magnon,  535 
Galley  Hill,  534 
Heidelberg,  533 
modern,  534 
Neanderthal,  533 
other  primates  and,  520 
Peking,  530 
Piltdown,  532 
races  of,  540 
Rhodesian,  534 
Solo,  533 

Manic-depressive  insanity,  458 
Mantle,  113 
Marrow,  bone,  red,  129 
cavity,  41 
yellow,  129 
Marsupials,  505 
Matter,  Conservation  of,  14 
structure  of,  10 
Mechanism,  28 
Mediterranean  race,  541 
Medulla,  273 
Medullary  rays,  82 
MegarUhropus,  530 
Meiosis,  420 
Melanesian  race,  543 
Melanin,  318 
Membrane,  18 
basilar,  303 
elastic,  internal,  143 
embryonic,  353 


Membrane,  nuclear,  35 
plasma,  34,  35 
roof,  303 
theory,  268 
Memory,  283 
Mendel,  Gregor,  414 
Mendel’s  First  Law,  429 
Second  Law,  434 
Meninges,  272 
Menstrual  cycle,  326 
Menstruation,  221,  326 
Mental  disorders,  inheritance  of,  457 
traits,  inheritance  of,  457 
Meristem,  44 
Mesocephalic  skull,  541 
Mesoderm,  865,  377 
Mesolithic  culture,  539 
Mesonephros,  377 
Mesophyll,  87 
Mesozoic  Era,  495 
Metabolism,  29,  214-237 
bacterial,  390 
carbohydrate,  218 
fat,  219 
protein,  219 
Metacarpal  bones,  253 
Metamorphosis,  313,  346 
Metanephros,  377 
Metaphase,  417,  418 
Metatarsal  bones,  253 
Metazoa,  92 
Meter,  9 
Metric  system,  9 

units  and  English  equivalents,  10 
Micro-organisms  as  cause  of  disease,  399 
infectious  diseases  and,  385-410 
spread  of,  404 
Microscope,  electron,  385 
Midbrain,  274 
Midget,  320 
Milk,  358 
Millipedes,  110 
Milroy’s  disease,  456 
Mimicry,  551 
Mimosa  pudica,  288,  289 
Mineral(s)  in  diet,  220 
salts  in  protoplasm,  22 
Miocene  Epoch,  502 
Miscarriage,  358 
Misreference,  292 
Mississippian  Period,  491 
Mitochondria,  37 
Mitogenic  rays,  420 
Mitosis,  361,  415 
control  of,  419 
Modifications,  471 
Modifying  factors,  441 
Molar  teeth,  193 
Mold  fossils,  482 
Molecule  (s),  13 
motion  of,  16 
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Mollusca,  113,  561 
Mongolian  fold,  456 
spot,  456 

Mongoloid  race,  543 
Monkeys,  521 
Monocotyledons,  76 
Monocytes,  132 
Monohybrid  cross,  427,  434 
Monotremes,  503 
Mons  Veneris,  350 
Moods,  284 
Morons,  459 
Mosaic  eye,  296 
Mosasaurs,  495 
Mosses,  66 
club,  70 
life  cycle,  339 
Spanish,  66 
Motor  neurons,  265 
Mousterian  culture,  539 
Mouth  cavity,  190 
Multiple  alleles,  441 
factors,  439 
Muscle(s),  belly  of,  265 
cardiac,  256,  263 
contraction,  258 
chemistry  of,  260 
contraction  period,  259 
latent  period,  259 
nature  of,  262 
recovery  period,  259 
relaxation  period,  259 
extensor,  257 
eye,  298 
flexor,  257 
gastrocnemius,  258 
insertion  of,  256 
in  lower  animals,  263 
origin  of,  256 
skeletal,  256 
smooth,  256,  263 
sphincter,  196 
tissues,  42 
tonus,  260 

Muscular  system,  256-264 
Mutation(s),  471,  474 
causes  of,  477 
chromosome,  476 
frequency  of,  476 
gene,  476 

theory  of  de  Vries,  474 
types  of,  476 
Mutualism,  102,  208 
Myelin  sheath,  265,  266 
Myosin,  260 
Myxedema,  310 
Myxomycetes,  63 

Nares,  174 
Nasal  chamber,  174 
index,  541 


Natural  Selection,  changes  in,  471 
Theory  of,  470 
Nausea,  294 
Navel,  357 

Neanderthal  man,  533 
Nearctic  region,  518 
Near-sightedness,  299 
Negritos,  543 
Negroid  race,  542 
Negroids,  Oceanic,  543 
Nematocysts,  99 
Nematoda,  104,  559 
Nematomorpha,  560 
Nemertea,  103,  559 
Neolithic  culture,  540 
Neotropical  region,  518 
Nephridium,  107,  246 
Nephritis,  244 
Nereis,  108 

Nerve  (s)  center,  265,  273 
cranial,  280,  281  ' 
impulse,  266,  291 

membrane  theory,  268 
nature  of,  266 
net,  287 

parasympathetic,  284 
spinal,  281 
sympathetic,  284 
trunks,  265 

Nervous  system,  265-289 
autonomic,  284 
central,  271 
development  of,  368 
in  lower  animals,  287 
parasympathetic,  285,  286 
parts  of,  271 
peripheral,  271,  279 
sympathetic,  285,  286 
Neural  arch,  252 
crest,  369 
groove,  368 
plate,  368 

Neurilemma  sheath,  265,  266 
Neuron,  42 
types  of,  265 
Neuroses,  278,  279 
Neurospora,  222,  450 
Neutron,  11 
Neutrophils,  132 
Niacin,  229 
Nicotinic  acid,  229 
Night  blindness,  224 
Nitrate  bacteria,  387 
Nitrogen  cycle,  387 
Nitrogen-fixing  bacteria,  387 
Nodal  tissue,  148 
Node(s),  85 

auriculoventricular,  148 
lymph,  165 
sino-auricular,  148 
Nonelectrolytes,  14 
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Nordic  race,  542 
Notochord,  119,  120,  367 
Nuclear  membrane,  35 
Nucleolus,  36,  37 
Nucleoplasm,  35 
Nucleoplasmic  ratio,  419 
Nucleoproteins,  450 
Nucleus,  35 
Nutrition,  214-237 
of  embryo,  353 
of  infant,  358 
plant,  51 

Octopus,  115 
Oedogonium,  337 
Oligocene  Epoch,  502 
Oligochaeta,  108 
Onychophora,  559 
Oocytes,  425 
Oogenesis,  424 
Oogonia,  424 
Ootid,  425 
Optic  lobes,  274 
Orang-utan,  521 
Ordovician  Period,  488 
Organ  of  Corti,  303 
systems,  47 

Organic  compounds,  23 
Organization,  animal,  cellular  level,  96 
organ  level,  100 
organ  system  level,  103 
protoplasmic  level,  93 
tissue  level,  97 
specific,  33 
Organizers,  378,  379 
Oriental  region,  518 
Origin  of  muscle,  256 
Origin  of  Species,  470 
background  for,  469 
Ornithischia,  500 
Orthogenesis,  478 
Osmosis,  19 
Osmotic  pressure,  19 
Osteichthyes,  121 
Ostracoderm,  489 
Outbreeding,  448 
Oval  window,  155,  301,  375 
Ovaries,  325,  349 
Overtones,  304 
Oviduct,  325,  349 
Ovulation,  325,  327 
Oxygen  debt,  262 
transportation,  128 
by  blood,  181 

Oxygen-carrying  devices,  130 

Pacemaker,  148 
Palearctic  region,  518 
Paleocene  Epoch,  502 


Paleolithic  culture,  Lower,  537 
Middle,  539 
Upper,  539 
Paleontology,  482 
Paleozoic  Era,  487 
Palisade  cells,  87 
Pancreas,  201,  207,  208 
islet  cells,  315 
Pancreatic  juice,  207 
Pantothenic  acid,  230 
Para-aminobenzoic  acid,  230,  232 
Paralysis  agitans,  457 
infantile,  405 

Paramecium,  95,  168,  287,  338 
Paranoia,  279 
Paranthropus,  528 
Parapithecus,  527 
Parasitism,  52,  102 

Parasympathetic  nervous  system,  285,  286 

Parathyrin,  314 

Parathyroid  glands,  313 

Parenchyma,  44 

Parotid  glands,  194 

Parthenogenesis,  344 

Parturition,  356 

Pasteurization,  398 

Patella,  253 

Pavement  epithelium,  39 

Pavlov,  Ivan  Petrovich,  209,  282,  283 

Pectoral  girdle,  252 

Pedigree,  453 

Peking  man,  530 

Pelagic  zone,  553 

Pelecypoda,  114 

Pellagra,  229 

Pelvic  girdle,  252 

Pelvis,  kidney,  239 

Pelycosaurs,  494 

Penetrance,  447,  448 

Penicillin,  63,  397 

Penis,  348 

Pennsylvanian  Period,  491 
“Peppercorn”  hair,  543 
Pepsin,  206 

Perception  of  sensations,  291 
Perennials,  82 
Pericycle,  80 
Perilymph,  303 
Peripatus,  109 

Peripheral  nervous  system,  271,  279 

Peristalsis,  196,  199,  200 

Permian  Period,  494 

Pernicious  anemia,  135,  231 

Perspiration,  249 

Petal,  342 

Petiole,  86 

Petrifaction,  482 

pH,  14 

Phaeophyceae,  62 
Phalanges,  253 
Pharynx,  174,  195 
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Phenotype,  428 
Phenylketonuria,  457 
Phloem,  46,  171 
Phoronida,  560 

Phosphate  bonds,  high  energy,  261 
Phosphocreatine,  260 
Photosynthesis,  51,  52,  56 
Phototropism,  57 
Phycomycetes,  63 
Phylum,  60 

Physical  traits,  inheritance  of,  454 

Physicochemical  background,  9-20 

Phytosaurs,  500 

Pigments,  bile,  130,  201 

Piltdown  man,  532 

Pineal  gland,  329 

Pines,  ground,  70 

Pistil,  342 

Pith,  82 

Pithecanthropus  erectus,  530 
Pitocin,  319 
Pitressin,  319 
Pituitary,  318 
gland,  anterior  lobe,  320 
posterior  lobe,  319 
hormones,  323 
Placenta,  328,  355 
Placodermii,  121,  489 
Planaria,  101,  102,  168,  212 
Planes,  body,  48 
Plantigrade,  254 
Plant  (s),  annual,  82 
biennial,  82 
circulation  in,  57,  171 
conquest  of  land  by,  66 
coordination,  57 
digestion,  57 
economic  importance,  89 
hormo  nes,  329 
excretion,  59,  247 
food  storage,  89 
kingdom,  51-77 
survey  of,  557 
nutrition,  51 
perennial,  82 
respiration,  56 
sap,  80,  127 
seed,  78 

skeletal  system,  254 
transmission  of  impulses,  288 
types  of,  59 
Plasma,  125 
dried,  142 
glucose,  126 
membrane,  34,  35 
proteins,  126 
salts,  126 
Plastids,  37 

Platelets,  blood,  125,  136 
Platyhelminthes,  100,  559 
Platypus,  duckbilled,  503 


Platyrrhine  monkeys,  521 
Pleistocene  Epoch,  506 
Plesiosaurs,  501 
Pleura,  177 
Pliocene  Epoch,  502 
Pole,  animal,  360 
vegetal,  360 
Pollen,  343 
tube,  71,  343 
Polocyte,  425 
Polychaeta,  108 
Polycythemia,  135 
Polyploids,  476 
Pons,  274 
Porifera,  96,  559 
Portuguese  man-of-war,  99 
Posture,  257 

Potential  reproductive  rate,  547 
Preadaptation,  473 
Preformation,  378 
Pregnancy,  328 
Premolar  teeth,  193 
Pressure,  blood.  See  Blood. 
osmotic,  19 
pulse,  161 
root,  80 
Primates,  520 
fossil,  527 

Primitive  streak,  367 
Proboscis  worm,  103 
Progeny  selection,  430 
Progesterone,  325 
Pronephros,  377 
Prophase,  417 
Propliopithecus,  527 
Proprioceptors,  292 
Prostate  gland,  348 
Protective  coloration,  550 
Protein(s),  23,  26,  216 
blood,  510,  511 
metabolism,  219 
in  protoplasm,  26 
Proterozoic  Era,  487 
Prothrombin,  137 
Proton,  11 

Protoplasm,  21-33,  34 
carbohydrates  in,  23 
chemical  composition,  21 
compounds  in,  22,  23 
fats  in,  25 
mineral  salts  in,  22 
physical  characteristics,  21 
proteins  in,  26 
salt  content,  22 
water  content,  22 
Protozoa,  93,  559 
parasitic,  395 
Pseudopods,  93 
Psychoses,  279 
Pteridophytes,  69,  558 
Pterosaurs,  500 
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Ptyalin,  194,  206 
Pulp,  tooth,  192 
Pulse,  158 
pressure,  161 
Pupil  of  eye,  296 
Pus,  133 

Putrefaction,  390 
Pygmies,  543 
Pylorus,  197 
Pyridoxine,  230 


Quarantine,  404 
Quaternary  Period,  501,  50  5 
Quillwort,  70 


Races  of  man,  540 
Ainus,  544 
Alpine,  542 
Armenoid,  542 
Australoids,  544 
Dinaric,  542 
Mediterranean,  541 
Melanesian,  543 
Mongoloid,  543 
Negroid,  542 
Nordic,  542 
Tasmanian,  543 
Veddoids,  544 
white,  541 

Radiation,  adaptive,  548 
Radioactive  iodine,  313 
Radiolaria,  95 
Radius,  252 
Radula,  113 

Rain  forest,  tropical,  552 
Rays,  medullary,  82 
Reabsorption,  240,  242 
Reaction,  antigen-antibody,  139,  401 
chemical,  14 

Recapitulation,  theory  of,  376,  514 
Recent  Epoch,  506 
Receptor,  265 
Recessive  genes,  427 
Recovery  period,  259 
Rectum,  203 
Reflex,  281,  282 
arc,  281 

conditioned,  282,  283 
gastrocolic,  203 
Refractory  period,  263,  267 
Reinforcement,  271 
Relaxation  period,  259 
Renin,  244 
Rennin,  207 
Reproduction,  31 
animal,  344 
asexual,  333,  334 
bacterial,  390 
human,  347-359 


Reproduction,  methods  of,  333  346 
sexual,  333,  336 
in  animals,  344 

Reproductive  organs,  female,  349 
male,  347 

rate,  potential,  547 
Reptiles,  stem,  491 
Reptilia,  121 

Resistance,  environmental,  548 
Respiration,  artificial,  184 
direct,  173 
external,  174 
indirect,  174 
internal,  174 
plant,  56 

Respiratory  center,  184 
devices  in  animals,  188 
enzymes,  131 
system,  173-189 
human,  174 
Retina,  296 

Revolutions,  geological,  486 

Rheumatic  fever,  164 

Rh  factor,  141 

Rhizoids,  67 

Rhodesian  man,  534 

Rhodophyceae,  62,  63 

Riboflavin,  229 

Rickets,  225 

Rickettsia,  390,  393 

Rigor  mortis,  263 

Rocky  Mountain  Revolution,  495 

Rods,  298 

Roof  membrane,  303 
ltoot(s),  66 
cap,  79 
cortex,  80 
endodermis,  80 
epidermis,  80 
functions,  78 
hair,  79 
pressure,  80 
tap,  81 
of  teeth,  192 
stocks,  336 
types  of,  81 
Rotifera,  105,  560 
Roughage  in  diet,  221 
Round  window,  302 
Runners,  335 

Saccule,  306 
Sagittal  section,  48 
Saliva,  206 
Salivary  glands,  193 
Salt(s),  14 
bile,  200 

mineral,  in  protoplasm,  22 
Sap,  plant,  80,  127 
Saprophytic  nutrition,  52 
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Sapwood,  83 
Sarcodina,  94 
Saurischia,  500 
Scapula,  252 
Scar(s),  fruit,  86 
leaf,  86 
tissue,  133 
Schizophrenia,  279 
Sclera,  296 
Sclerenchyma,  44 
Scrotal  sac,  347 
Scurvy,  221,  225,  226 
Sea  anemones,  99 

cucumber,  115,  117,  118 
lilies,  115,  118 
squirts,  119 
stars,  115 
urchin,  115,  117 
Secretin,  210,  328 
Secretion,  238 
Seed,  343 
fern,  73 

plants,  life  cycle,  341 

structure  and  function,  78-89 
Segmentation,  92 

Segregation,  Independent,  Law  of,  434 
Law  of,  429 
Semen,  348 

Semicircular  canals,  306 
Semilunar  valve,  146 
Seminal  fluid,  348 
vesicles,  348 

Seminiferous  tubules,  347,  348 
Sensations,  perception  of,  291 
Sense  organs,  290-307 
Senses,  chemical,  294 
tactile,  292 

Sensitive  plant,  288,  289 
Sensitivity,  visceral,  293 
Sensory  neurons,  265 
Sepal,  342 

Serpent  star,  115,  117 
Serum,  127,  136,  142,  402 
Sex  cells,  333 

chromosomes,  443 
evolution  of,  336 
genetic  determination  of,  443 
Sex-influenced  characters,  444 
Sex-linked  characters,  444 
Seymouria,  491 
Shallow  sea  zone,  553 
Shock,  164 
Shrub,  82 
Siamese  twins,  379 
Sieve  tube,  47 
Silurian  Period,  489 
Sinanthropus  pelcinensis,  530 
Single  twitch,  258 
Sino-auricular  node,  148 
Sinus  venosus,  148,  374 
Skeletal  system,  250-255 


Skeleton,  250 
parts  of,  252 
of  plants,  254 
types  of,  251 
Skin,  248 
color,  250 

inheritance  of,  439,  440 
multiple  factor,  440 
outgrowths  of,  250 
parts  of,  249 
Skull,  252 
Sleep,  277 
Smell,  294,  295 
Snakes,  495 
Sol,  16 

Solo  man,  533 
Solution,  15 
Somite,  371 
Sonoran  region,  552 
Sounds,  heart,  151 
Spanish  moss,  66 
Species,  59 
specificity,  27 

Specific  dynamic  action,  217 
Sperm,  43,  333 
Spermatids,  423 
Spermatocytes,  423 
Spermatogenesis,  422 
Spermatogonia,  422 
Spermatophyta,  558 
Spermatophytes,  71 
Sphincter  muscle,  196 
Sphygmomanometer,  160 
Spinal  ataxia,  457 
cord,  271 
nerves,  281 
Spindle  fibers,  418 
Spiny  anteater,  503 
Spiracles,  189 
Spirochetes,  389 
Spirogyra,  336 
Sponges,  96,  287 
Spontaneous  generation,  31 
Sporangia,  335 
Spores,  335 
Sporophyte,  339 
Sporozoa,  96 
Squid,  115 
Stalk,  body,  365 
Stamen,  342 
Starfish,  115,  116 
Steatopygia,  543 
Stegocephalians,  490 
Stem(s),  66 

functions  of,  81 
reptiles,  491 
Sterility,  226 
Sterilization,  461 
Steroids,  318,  323 
Stimuli,  intensity  of,  292 
localization  of,  292 
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Stimulus-receiving  process,  291 
Stomach,  197 
fundus,  197 
pylorus,  197 
ulcer,  205 
Stomata,  68 

Stone  Age  culture,  Middle,  537 
New,  540 
Streptomycin,  397 
Sublingual  glands,  194 
Submaxillary  glands,  194 
Sucrase,  208 
Sugars,  compound,  24 
double,  24 

relative  sweetness,  24 
simple,  23 

Superior  vena  cava,  146 
Survival  of  the  fittest,  470 
Suspensions,  15 
Swallowing,  190,  196 
Swanscombe  skull,  534 
Sweat,  238 

Swim  bladder,  187,  188 
Symbiosis,  208 
Symmetry,  body,  47,  48 
Sympathetic  nervous  system,  285,  286 
Sympathin,  270 
Symptoms,  disease,  399 
Synapse,  43,  268 
transmission  across,  270 
Synapsis,  420 
Syphilis,  405 
Systole,  149 


Tap  roots,  81 
Tapeworm,  102,  103 
infections,  408 
Tarsal  bones,  253 
Tar siiis,  520 
Tasmanian  race,  543 
Taste,  294 
buds,  294 
Teeth,  192 
canine,  193 
incisor,  193 
molar,  193 
premolar,  193 
Teleosts,  490 
Telolecithal  egg,  360 
Telophase,  417,  418 
Tendon, 40,  251 
of  Achilles,  258 
Termite,  112,  208 
Tertiary  Period,  501 
Test(s),  blood,  138,  442 
medico-lcgal,  138 
cross,  429 
Wassermann,  407 
Testes,  323,  347,  348 
Testosterone,  323 


Tetanus,  259 
Tetany,  314 
Tetrad,  421 
Thalamus,  274 
Thallophyta,  60,  557 
Thallus,  60 
Therapsids,  494 
Thiamine,  228 
Thirst,  293 
Thrombin,  137 
Thrombokinase,  136 
Thrombus,  137 
Thymus,  329 
Thyroglobulin,  310 
Thyroid  glands,  310 
Thyrotropic  hormone,  323 
Thyroxine,  310 
Tibia,  253 
Tidal  zone,  553 
Tissue(s),  animal,  38 
connective,  40 
culture,  38,  138 
epithelial,  38 
fluid,  144 
fundamental,  44 
meristematic,  44 
muscle,  42 
nervous,  42 
nodal,  148 
plant,  44 
protective,  44 
reproductive,  43 
scar,  133 
vascular,  42 
Tocopherol,  226 
Tongue,  190 
Tonus,  257,  260 
Tooth  pulp,  192 
Touch,  292 
Toxin,  399 
Toxoid,  402 
Trachea,  175 
Tracheal  tubes,  112,  189 
Tracheids,  46 

1  raining,  effect  on  respiration,  186 
Transfusions,  blood,  139 
Transitional  region,  552 
Translocation,  447 
Transpiration,  88 

1  ransport  of  carbon  dioxide,  182,  183 
of  oxygen,  181,  182 
Transverse  section,  48 
Tree,  82 
fern,  69 

Trematoda,  102 
Triassic  Period,  495 
Trichina  worm,  104 
Trichinosis,  409 
Tricuspid  valve,  146 
Trihybrid  cross,  434 
Trochophore  larva.  113 
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Tropical  rain  forest,  552 
Tropism,  57 
Trypsin,  207 
Tuatera,  495 
Tubes,  pollen,  71 
Tumor,  brain,  277 
Tunicates,  119 
Turtles,  495 
Twinning,  379 
Twins,  379,  458 
Twitch,  single,  258 
Tympanic  canal,  302 
Typhus,  405 


UlNTATHERES,  506 
Ulcer,  stomach,  205 
Ulna,  252 
Ulothrix,  336 
Umbilical  arteries,  155 
cord,  355,  371 
vein,  155 

Ungulates,  254,  506 
Unguligrade,  254 
Uniformitarianism,  468 
Uranium,  486 
Urea,  219,  242,  244 
Ureter,  239 
Urethra,  240,  348 
Uric  acid,  244 
Urinary  bladder,  240 
Urine  formation,  244 
substances  in,  244 
Urochorda,  562 
Urochrome,  244 
Urogenital  system,  347 
female,  349 
male,  347 
Uterus,  325,  350 
Utricle,  306 


Vaccine,  401 
Vacuole,  contractile,  37, 
food,  37,  94,  99,  211 
Vagina,  350 
Vagus,  280 
Valves  of  heart,  146 
Variations,  413 
Varicose  veins,  165 
Vas  deferens,  348 
efferens,  348 
V  ascular  bundles,  82 
Veddoids,  544 
Vein(s),  143 

blood  flow  in,  158 
umbilical,  155 
valves  of,  144 
varicose,  165 


Vegetal  pole,  360 
Vena  cava,  146 
Ventricle,  145,  374 
Venus  fly  trap,  31,  32,  288 
Vertebras,  252 
Vertebrata,  118,  121,  562 
Vestibular  canal,  302 
Vestigial  organs,  509,  510 
Villi,  201 

Viruses,  filterable,  385,  390 
Visceral  mass,  113 
Vision,  295 
defects  in,  299 
Visual  purple,  224,  299 
violet,  299 
Vital  capacity,  179 
Vitalism,  28 
Vitamin (s),  221 
A,  222 

B  complex,  227 
Blt  228 
B2,  229 
B6,  230 

Bi2,  135,  230,  232 

C,  225 

D,  224 

E,  226 

G,  227,  229 

H,  227,  230 
K,  226 

Vitreous  humor,  297 
Volvox,  96 
Vomiting,  198 
Vulva,  350 
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Wallace,  A.  R.,  470 
Wallace’s  Line,  518 
Warning  coloration,  550 
Wassermann  test,  407 
Water  in  protoplasm,  22 
vascular  system,  115 
White  race,  541 
Womb,  350 
Worm(s),  acorn,  118 
guinea,  104 
Worms,  parasitic.  395 
proboscis,  103 
trichina,  104 


Xerophthalmia,  224 
Xylem,  46,  171 

Yolk,  425 
sac,  353 

Zeuglodonts,  506 
Zygote,  333 


CFTRI-MYSOR 


490 

Biology:  Human  a. 


A  i  f 


